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ABSTRACT

Fatigue is responsible for at least 50% of all mechanical and 90% of all metallic
failures. Fatigue cracks often start at stress concentrations, and without timely and
appropriate remediation, tend to exhibit relatively fast propagation that leads to property
damage and sometimes serious accidents.
The objective of this research was to develop a new method of fatigue crack
treatment in steel structures and estimate its efficiency and limitations. The method was
based on placing fatigue cracks under compression by depositing nickel onto the surfaces
of the cracks. The proposed method was applied to ASTM E399 compact-tension
specimens machined from ASTM A36 steel. This study found that the method was able
to arrest fatigue crack propagation. Fatigue crack arrest period varied from 2,000 to
30,000 cycles. The fatigue life of the specimens was extended for up to 55,000 cycles. In
many cases the re-initiation life of fatigue cracks after treatment was similar to the crack
initiation life obtained from the V-shaped starter notches. A power law relationship was
developed that successfully correlates the fatigue crack arrest life and the stress intensity
factor range applied for post-treatment load cycling. Fatigue crack packing with nickel
resulted in significant reduction of stress concentration factors of the cracks.

Spectroscopic analysis confirmed the presence of nickel in electrochemically
treated fatigue cracks. The amount of nickel deposited was found to be non-uniform
along the length of the cracks. This study found that an elastic finite element analysis
(FEA) supported the notion of compressive stresses being developed at the crack tip and
of a significant reduction in the stress concentration factor of the fatigue crack due to
application of this treatment method. FEA has also supported the expectation that
increasing the dosage of crack packing material would tend to result in a longer crack re
initiation period. The proposed method of electrochemical fatigue crack treatment was
found to be beneficial in terms of improved corrosion resistance of treated specimens as
long as the treatment was uniform and continuous. The average general corrosion rate of
nickel-plated ASTM A36 steel specimens that were uncracked was 80% lower than that
of the non-plated cases. The discontinuous deposition observed within cracks was
expected to promote localized corrosion of the A36 base metal. Future work will examine
the use of deposition candidates with less of a tendency toward dissimilar metal
corrosion.
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CHAPTER 1

INTRODUCTION

Fatigue is responsible for at least 50% of all mechanical and 90% of all metallic
failures [1,2,3]. Fatigue cracks often start at stress concentrations, and without timely and
appropriate remediation, tend to exhibit relatively fast propagation that may lead to
property damage and sometimes to serious accidents.
The objective of this research was to develop a new method of fatigue crack
treatment in steel structures and estimate its efficiency and limitations. The method was
based on placing fatigue cracks under compression by electrodepositing nickel onto the
surfaces of the cracks. It is conceivable that this new method of fatigue crack mitigation
could be applied to any metallic structure. The application focus for this work was on
steel pipelines.
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CHAPTER 2

BACKGROUND

2.1 Metal Fatigue
2.1.1 Motivation to Study Metal Fatigue
Fatigue is a process of structural damage caused by cyclic stress or strain. These
stresses and strains are usually amplified at surface and structural irregularities, such as
notches, cracks, material non-homogeneities and other defects [1]. Under conditions of
fluctuating local stresses material failure may be observed at a stress level significantly
lower than the material’s static yield strength of the material.
The process was call “fatigue” because the material appears to tire out after the
repeated stress cycling. Fatigue gradually reduces mechanical, material and functional
characteristics of all mechanical structures, such as spacecraft, aircraft, gas turbines and
rocket engines, ground vehicles, pipelines, pressure vessels, offshore structures, and ship
structures [4-8]. Fatigue was found responsible for at least 50% of all mechanical failures
and 90% of all metallic failures [1-3].
There are a handful of fatigue types that are recognized in the literature. These
include cyclic plasticity, contact fatigue, corrosion fatigue, and creep fatigue [1-3, 9, 10].

2

3
Fatigue failures are a threat to structures, human health and environmental safety.
The relative cost of these failures constitutes approximately 4% of the US gross national
product [11]. Moreover, fatigue failures can be catastrophic. Due to the small initial scale
they usually progress undetected until large scale damage or a structural failure occurs
[12].
Metal fatigue is mostly a descriptive subject. A significant volume of literature
was accumulated especially over the past sixty years describing the mechanics and
mechanisms of fatigue failure [11,12]. Two groups of metal fatigue descriptions can be
differentiated: metallurgical and mechanical. Metallurgical descriptions characterize
material mechanisms of metal fatigue on microstructural level. Mechanical descriptions
focus on the structural response to cyclic loading with the main emphasis on prediction of
the remaining life of a structure. The mechanical descriptions are more often used in
engineering, as they can be used to predict service behaviors of structures and
components via analytical and numerical models. These models are based on mechanical
fatigue properties of materials that are obtained empirically.
High-pressure pipelines and storage vessels are often subjected to pressure
fluctuations due to variations in supply and demand, vibrations, and fluid hammer effects
(temporary change in pressure due to a sudden change in fluid velocity) [13,14]. In
regard to simple pressure fluctuations, the maximum pressure of a high-pressure pipeline
is typically observed overnight and varying minimum pressures are observed during the
daytime. A typical service load history of a gas pressure vessel is presented in Figure 1.
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Figure 1. Actual service load history experienced by a gas pressure vessel [13]. Reprinted
from, N.A. Fleck,R.A. Smith, “Fatigue life prediction of a structural steel under service
loading”, p.203, 1984, with permission from Elsevier.

Fatigue is often a cause of pipeline accidents. For instance, Table 1 presents a list
of major pipeline accidents that occurred in the USA and were caused by fatigue cracks
during the last 14 years [15-21], According to the National Transportation Safety Board,
the total cost of these accidents was around $807 million.

Table 1. Major pipeline accidents in the USA caused by fatigue cracks
Year
2000
2000
2001
2002
2004
2009
2010

Type of a pipeline
Petroleum pipeline
Crude oil pipeline
Petroleum pipeline
Crude oil pipeline
Ammonia pipeline
Natural gas pipeline
Petroleum pipeline

Location
Greenville, TX
Winchester, KY
Knoxville, TN
Cohasset, MN
Kingman, KS
Palm City, FL
Marshall, MI

Reference
[15]
[16]
[17]
[18]
[19]
[20]
[21]

U
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In the practice of pipeline utilization the majority of these pipeline failures tended
to occur without any obvious reasons: the internal pressure did not exceed the design
level, there were no plastic macro-deformations associated with damage in the failure
zone and the mechanical properties of the pipe did not exhibit any problems [22]. The
damage was usually caused by cyclic loading and fractures originating from fatigue crack
initiation and growth. The number of loading cycles per year in pipelines under normal
working conditions often reaches the level of 103-106 cycles per year [23]. The starting
locations of fatigue cracks are usually at initial defects of the base material or at process
defects which may appear during welding or assembly. Other operational defects can be
caused by a corrosive environment or overloading. Cracks propagate over a period of
time which defines the remaining life of the structure. In order to forecast the growth of
fatigue cracks it is necessary to have information about growth rates under cyclic loading.
This data can be obtained empirically or by using a theoretical model.
The fatigue process is usually divided into three stages: crack origination
(initiation), crack propagation, and rapid unstable fracture (or failure). Each fatigue stage
is often easily distinguishable and governed by separate factors and processes.
2.1.2 Crack Initiation
The major portion of the fatigue life of smooth specimens, in the absence of
surface defects, consists of the initiation of surface cracks and their propagation to the
“engineering” size (2-3 mm deep) [24,25]. Fatigue life mainly consists of two stages:
initiation of surface microcracks and their propagation to the engineering size. In order to
understand fatigue, it is necessary to study the mechanisms that operate during crack
initiation.
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Recently Chopra and Raman observed that surface microcracks (>10 pm) form
rather early on smooth specimens when subjected to cyclic loading [24,26]. Typically the
microcrack formation period was within the first 10% of the fatigue life of the material.
The initiation of the surface microcracks was usually observed at surface imperfections or
discontinuities formed during fabrication process or produced by cyclic loading. The
authors concluded that the fatigue life of a crack mainly consisted of propagation from 10
pm to 3 mm in length [27]. A schematic illustration of these two stages of fatigue crack
life is shown in Figure 2.

Failure

Engineering Crack
(Stage II Tensile Crack)

Transition Point
Microstructurally Small
Crack (MSC)
(Stage-I Shear Crack)
................. 1..................1....................1.....................1................... »

0

20

40
60
Fatigue Life (%)

(a)

80

100

LEFM
Cncks

____
Crack Length
(b)

Figure 2. Schematic illustration of (a) growth of short cracks in smooth specimens as a
function o f fatigue life fraction and (b) crack velocity as a function of crack length.
LEFM = Linear Elastic Fracture Mechanics [25]. Adapted from O K Chopra,
“Mechanism and estimation of fatigue crack initiation in austenitic stainless steels in
LWR environments”, p. 19, 2001, with kind permission from Argonne National Library,
managed and operated by Uchicago Argonne, LLC, for the U.S. Department of Energy
under Contract No. DE-AC02-06CH11357.
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The growth of microstructurally small cracks (MSCs) is observed during the
crack initiation stage. This stage is characterized by a crack growth velocity that is
reducing in magnitude as the crack increases in length (MSC region in Figure 2b) [25].
The growth of the engineering cracks is observed during the propagation stage which is
characterized by accelerating crack growth (LEFM region in Figure 2b). The growth rate
of MSCs depends on the material microstructure [25, 28, 29]. Fatigue cracks longer than
the critical length of MSCs are termed engineering cracks. The propagation of
engineering cracks is not influenced by material microstructure. Cracks above this size
are characterized by the formation of striations on the fatigue surface. This surface is
normal to the maximum principal stress. Engineering cracks propagate in Stage II region
(see Figure 2a).
Following its initiation the surface microcrack continues to propagate as a shear
crack in the Stage I region. Microcracks usually propagate at a 45° angle to the principles
stress axis [25], A Stage I crack may grow along the boundary of several grains if the
strain amplitude is low. The increasing stress intensity factor affects the growth of the
microcrack by promoting the crack growth in the direction perpendicular to the principle
stress. At this transition point the crack starts propagating as a tensile crack,
perpendicular to the principle stress axis in the Stage II growth region.
Numerous criteria have been developed to estimate the crack size at the moment
of transition from a MSC to an engineering crack [25]. These criteria demonstrated
relationships between a transition crack length, the applied stress and the microstructure
of a material. Typical values of the transition crack length for steel were found to vary
from 150 to 250 pm.
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The relationship between the total strain amplitude and the number of stress
reversals to failure (defined as the initiation of an engineering fatigue crack of 2 mm or
longer) was found by Morrow [30]. It is presented by Eq. (1):

where E is the Young’s modulus of elasticity, o'f is the fatigue strength coefficient, <Jm is
the mean stress, b is the fatigue strength exponent, e'f is the fatigue ductility coefficient,
As
c is the fatigue ductility exponent, — denotes the total strain amplitude and 2N f is the
number of reversals to failure (1 cycle = 2 reversals). The first and the second functions
of 2N f on the right side of Eq. (1) represent the elastic and plastic components of the
strain amplitude respectively.
At low stress levels MSCs do not transform to engineering cracks (see Figure 2)
[25]. This condition is responsible for the fatigue limit that is observed for smooth
specimens. In order for a microcrack to grow to the engineering size it must be subjected
to a stress higher than the endurance limit stress of the material. Interestingly, if the crack
is longer than the transition crack length the propagation can occur at a stress that is
lower than the fatigue limit. The growth of such cracks is described with linear-elastic
(LEFM) or elastic-plastic fracture mechanics (EPFM).
2.1.3 Linear Elastic Fracture
Mechanics Concepts
The analysis and application of fatigue crack propagation rates and threshold data
in laboratory specimens and structures became much easier with the development of
fracture mechanics through the pioneering work of Griffith (1921 to 1924) and its

9
development to the practical form by Irwin (1957, 1958) and Rice (1968) [31-33]. Linear
Elastic Fracture Mechanics (LEFM) is a theory that describes behavior of sharp cracks in
elastic bodies [11]. It is limited to linear elastic material conditions when they apply
during the fatigue process. These conditions become violated in the presence of plastic
deformation, crack growth or material fracture. For such circumstances elastic-plastic
fracture mechanics (EPFM) approaches the most accurate characterization of fatigue and
fracture processes. Since the beginning of the 20th century fracture mechanics has been
extensively applied to almost all engineering fields, including construction, aerospace,
and nuclear industry.
The foundation of the quantitative definition of material toughness was
established by the work of Inglis in 1913 [34]. He demonstrated the stress magnification
that occurs at the edge of the hole. Also, using elastic theory he found that the stress
concentration at the edge of the hole was higher as the radius of curvature became
smaller (see Figure 3).

Figure 3. Stress concentration around a hole in a uniformly stressed plate. The contours
for Oyy shown here were generated using the finite-element method. The stress at the edge
of the hole is three times the applied uniform stress [35]. Reprinted from “Linear Elastic
Fracture Mechanics”, 2007, p. 32, Chapter 2, A C Fischer-Cripps, Figure 2.2.1., with
kind permission from Springer Science and Business Media (License # 3417821256858).

Inglis developed a formula for the stress concentration factor, K, for an elliptical
hole (Eq. (2)):

(2)

where c and p are the major and the minor radii of an elliptical hole. The stress
concentration factor can be greater than one for small elliptical holes. Using Eq. (2) it can
be found that the stress concentration of a circular hole, K is equal to three (as shown in
Figure 3). From Eq. (2) it can be noticed that the stress concentration depends only on the
ratio of the local dimensions of the hole, particularly the hole radii. The stress
concentration factor is not related to the length or depth of the hole.
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Equation (3) represents a formula for the stress concentration factor (Ktg) of an
elliptical or U-shaped notch in a semi-infinite thin structure subjected to tension:

Ktg = 0.855 + 2.21 J j;

(3)

where t is the depth of a notch and r is the radius of a notch [36-38].
Stress concentration factors K and K,g account only for elastic stresses. Fatigue
damage can also occur if localized plasticity is present, such as within a notch. Thus in
order to relate the purely elastic stress concentration factor to fatigue crack initiation
where plasticity is involved a modification that would take into account plasticity is
needed. In 1961 Neuber proposed a model describing the local stress and strain
concentration factors, Ka and KE, and their relationship to the theoretical elastic stress
concentration factor, A), (see Eq. (4)) [39]:
K f = Kc Ke.

(4)

Neuber’s rule (Eq. (4)) states that the squared theoretical elastic stress
concentration factor is equal to the product of the local stress(Ka) and the local strain (K,:)
concentration factors. The local concentration factors denote therelationships between
the local and the remote (outside of the notch) stress and strain ranges respectively.
Equation (4) can be expanded:

<5>
where A<r and AS are the local true stress and the remote engineering stress ranges
(respectively), A£ and Ae are similarly the respective local true strain and remote
engineering strain ranges. Equation (5) can be rewritten into a convenient form:

where E denotes the Young’s modulus of elasticity. Neuber’s rule is often employed for
estimation of elastic-plastic stresses and strains at notch roots. It usually provides a
reasonable approximation if yielding of the material is localized (within the notch region
only). Other versions of Neuber’s rule may provide a reasonable approximation of
stresses and strains when a large portion of the material (outside of the notch) undergoes
yielding.
The local strain at the notch subjected to cyclic loading may be determined from
empirically obtained cyclic stress-strain curves or can be approximated by application of
the Ramberg-Osgood relationship shown in Eq. (7) [40]:
As

Aa

——
2

/'A a •^ 1/ n ,

2E

F(

)

(7

\2K t)

v

where K' is the fatigue strength coefficient and n ' is the fatigue strain hardening
exponent. These and other fatigue properties of ASTM A3 6 steel used in this study are
shown in Table 2 [41].

Table 2.The fatigue properties of ASTM A36 steel [41].
Property name
Fatigue strength coefficient
Fatigue strain hardening exponent
Fatigue strength coefficient
Fatigue ductility coefficient
Fatigue ductility exponent
Fatigue strength exponent

Designation
K'
n'
a'f

Value
159 ksi
0.249
147 ksi

‘r

0.271

C

b

-0.451
-0.132
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The local stress range (Aa) at the notch root can be estimated using a combination
of Eq. (6) and (7), achieved by eliminating the As from these expressions, as shown in
Eq. (8):

( 2 /o ) 1/n/

(8)

Equations (1, 7, 8) can be solved numerically for the analysis of local elasticplastic stresses and strains at the notches, and for prediction of fatigue lives of notched
specimens.
In 1920 Griffith proposed that the amount of strain energy reduced due to the
formation of new crack surfaces (at the moment of crack propagation) must be equal to or
greater than the amount of surface energy required in the process of forming new crack
faces [33]. According to Griffith, there are two required conditions for crack growth:
1. The material bonds at the crack tip must be subjected to a stress high enough to
cause failure. Griffith found that the stress at the crack tip depends on the stress
concentration factor which is inversely proportional to the ratio of crack tip radius
to the length of that crack.
2. For a crack to grow, the amount of strain energy released per increment of crack
extension must be equal or larger than the amount of surface energy required for
formation of new crack faces. This condition is formulated by Eq. (9):
(9)
dc

dc

where Us is the strain energy, Uy is the surface energy, and dc is the crack length
increment.
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The energy balance criterion defines if crack growth is theoretically possible,
however for a crack to grow the crack tip must be subjected to a sufficient stress. A crack
will only propagate when the bonds at the crack tip will be subjected to a load greater
than their maximum tensile strength. Even if there is enough strain energy accumulated to
facilitate crack growth a sufficient concentration of local stress is required to drive crack
propagation. Crack blunting may increase the crack tip radius and prevent crack growth
due to an insufficient stress concentration at the crack tip.
There are three typical modes of crack surface displacement which can cause
crack growth; these are shown in Figure 4.

i

T M odel:
Opening

Mode II:
In-plane shear

Mode III:
Out-of-plane shear

Figure 4. Modes of crack growth [42]. Reprinted from “Encyclopedia of Physics
(Elandbuch der Physic)”, 1958, Vol. VI, Flugge Ed., G R Irwin, Figure 3, with kind
permission from Springer (License # 3512730373630).

I.
II.

The opening mode. The crack surfaces move directly away from each other.
The edge sliding mode or in-plane shear mode. The crack surfaces move parallel
to the crack.

III.

The out of plane shear mode or tearing mode. The crack surfaces move apart in
the crack plane.
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Mode I is the most common type of crack growth encountered in engineering
design, mostly because cracks tend to grow on the plane of maximum tensile stress.
Mode II displacements can only be observed at internal or at very deep external cracks
[10]. Mode III crack growth is typical for a cylindrical notched bar loaded in torsion.
Combinations of these crack extension modes can also occur.
In 1940’s, during the Second World War, George R. Irwin developed one of the
key concepts of fracture mechanics during his study of steel armor penetrated by
ammunition [43]. Experiments Irwin conducted at the U.S. Naval Research Laboratory in
Washington, D.C. helped him to formulate the theory of fracture mechanics that is now
applied in various industries [31]. Irwin mathematically described the stress field in the
region of an infinitely sharp crack tip (see Eq. (10)):
Ki

. 9 . 3e\

<,yy = ^ C0Sl { 1- sln-2SlnT)
where

<10>

characterizes the magnitude of the stress, while all the terms containing 9

describe its distribution. The Mode I stress intensity factor, Kt can be expressed as Eq.
( 1 1 ):

Kj = o aYy[nc

(11)

where o a is the externally applied stress, Y is a geometry factor, and c is the crack halflength. The subscript / in Kt is associated with tensile loading, as shown in Figure 4.
Stress intensity factors exist for other types of loading, but Kj is the most often used as
Mode I crack growth is the most common type that leads to brittle fracture. K is
conventionally expressed in ksiVIn in the imperial measurement system. Equation (11)
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describes the stress distribution and its magnitude in the vicinity of the crack tip. The
stress at an “infinitely sharp” crack goes to infinity due to the singularity existing at the
crack tip [35]. The stress intensity factor may be considered as a measure of the
magnitude of that singularity. The stress intensity factor Kj accounts for both applied
stress and crack length that define the magnitude of the stress at a point located at (r, 6)
polar coordinates near the crack tip region, as shown at Figure 5.

Y

A

Crack tip
Crack face

Figure 5. Polar coordinates at the crack tip.

The stress distribution around the crack tip is the same for all sharp cracks. It does
not depend on crack length [35], There is a critical value for K, for each material that
corresponds to the energy balance criterion. That critical value of Kj characterizes the
fracture strength of the material.
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2.1.4 Crack Tip Plasticity
According to Eq. (4) the stress

Gy y

at the crack tip (i.e.

r

= 0) goes to infinity.

In reality, it is limited by material yielding strength, and hence the limiting condition of
linear elasticity is violated in the crack tip zone [44], That zone is experiencing non-linear
(plastic) stress conditions and is often called the “crack tip plastic zone”. The form and
the size of the plastic zone can be determined from models proposed by Irwin [43].
Equation (12) can be used to estimate the size of the plastic zone:

° 2)

r> = £ f s

where oys is the tensile yielding strength of the material. Using the stress field Eq. (10)
and the von Mises or the maximum shear stress yield criteria, plastic zone shape can be
determined. The plastic zone shape for Mode I resulting from the von Mises criterion is
shown in Figure 6. For plane stress conditions (when

Gz —

0) a much larger plastic zone

exists compared to the plane strain condition, where the tensile stress component,
restricts yielding.

Gz ,
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Surface

Midsection

Surface

Plane

Crack tip

stress
Mode I

2n Vo;
Plane
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Mode I

Figure 6. Crack tip plastic zone shape [45]. Reprinted from “Metal Fatigue in
Engineering”, 2nd ed., 2000, p. 75, Chapter 4, R I Stephens, with kind permission from
“John Wiley and Sons” (License # 3492881307833).

There is still not much attention of engineers paid to plasticity; however it
remains an important issue in fracture mechanics. The degree of plasticity relative to
specimen and crack dimensions characterizes the state of stress (plane strain or plane
stress) and defines applicability of LEFM [45]. Plane stress condition is observed when
the size of the plastic zone approaches the value of the material thickness. When the size
of the plastic zone becomes comparable to the crack length, the LEFM assumptions are
voided and yielding fracture mechanics (YFM) parameters must be used.
2.1.5 Fracture Toughness
The value of Kj at the point of rapid, unstable crack extension is called the critical
stress intensity factor, Kc. It defines the beginning of crack extension. Kc is typically
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considered as a specimen property as opposed to a pure material property and can be
applied for characterization of material fracture toughness of a specific component.
Fracture toughness is used to quantitatively describe the resistance of a material
component to brittle fracture. This can be expressed by:

where oc is the applied nominal stress at crack instability, a c is the crack length at
instability, Kc is the fracture toughness that depends on the material, temperature, strain
rate, environment, and thickness. The dependence of the fracture toughness on specimen
thickness was only observed in thin specimens, as shown in Figure 7.

Plane stress
behavior

Plane strain
behavior

Thickness, B
Figure 7. A fracture toughness vs. thickness graph [46]. Reprinted from “Material
Science and Engineering: An Introduction”, 1994, 3rd ed., W Callister, with kind
permission from John Wiley & Sons.

It was observed that thin components usually have higher value of Kc due to the
beneficial effects of “shear lips" and slant fracture. When specimen thickness increases,

20

the ratio between the area of "shear lips" and the area of fracture surface decreases
resulting in a lower Kc value. When both slant and flat fracture surfaces are observed the
fracture appearance is called mixed-mode. For thick parts, the entire fracture surface is
flat and Kc approaches the minimum value, called the "plane strain fracture toughness",
K!c. It is considered a true material property due to its independence from specimen
thickness. ASTM Standard E399 contains detailed specifications for the specimen
geometry, experimental procedure, and data collection, and for techniques used to
determine valid K[c values [47].
2.1.6 Fatigue Crack Growth
Fatigue crack growth characterization remains a largely empirical art within
science, despite being a relatively old subject with more than 150 years of history
described in numerous publications [48-52],
In the 1950’s Forsyth concluded that fatigue crack propagation in metals is a two
stage process, as demonstrated in Figure 8 [53, 54].

21

Microcrack
Initiation
Macrocrack
propagation

Final
Failure

Figure 8. Schematic section through a fatigue fracture showing the three stages of crack
propagation [55]. Reprinted from “Why Metal Fatigue Matters”, 2007, p. 163, Chapter 9,
L Pook, with kind permission from Springer Science and Business Media (License #
3417880758984).

At Stage I a microcrack initiated from a surface crack propagates without
changing direction in the plane of maximum shear stress (often located at 45° angle to the
applied tensile load) [56]. A Stage I crack becomes a Stage II crack when it reaches a
critical length, changes direction and starts to propagate normal to the maximum
principal tensile stress. In fracture mechanics this stage is called Mode I. The maximum
length of a Stage I crack (before transition to Stage II) strongly depends on
microstructural features and on stress conditions. Many authors observed that the
maximum length of a mode I crack exhibits wide variability [57-61]. The maximum
length of a Stage I crack is usually less than 0.25 mm and is typically around 0.02 mm.
After the transition a Stage II crack propagates through the main portion of the crosssection. Some authors use more descriptive terms for stages of crack propagation, such as
Microcrack (Stage I), Macrocrack (Stage II) and Engineering Crack (Stage II crack
longer than 2 mm). When the crack propagates to the point where the cross-section
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becomes so reduced that conditions for failure in one load cycle are satisfied it reaches
the 3rd Stage of crack propagation. This Stage is typically the shortest as rapid unstable
crack propagation and specimen failure caused by brittle fracture or ductile collapse are
usually observed at this point [55].
In 1960’s fatigue crack life prediction was made easier and more quantitative.
Paris proposed using the range of Irwin’s stress intensity factors, AK = Kmax — Kmin to
characterize the rate of crack growth per cycle (d a / d N ), since a large amount of data fell
into a single power law in the d a / d N -A K diagram [62, 63]. The basic Paris law
equation is presented by Eq. (14):
— = CAKm
dN

(14)

where a is the crack length and N is the number of loading cycles. The term on the left
side is the crack growth rate. It defines the speed of crack propagation in inches per cycle.
The right term of the equation consists of the material constants C and m and the stress
intensity factor range, AK. This range is the difference between the stress intensity
factors at maximum and minimum loading, AK = Kmax — Kmin .
Currently the process of fatigue crack propagation is usually described by the
Paris Law and represented by logarithmic d a / d N vs. AK diagrams (Figure 9).
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Near
Threshold

Linear

Critical

m

AK.cr

Figure 9. Crack propagation behavior [63]. Reprinted from “A generalized Paris’ law for
fatigue crack growth”, 2006, p. 1339, N. Pugno, with kind permission from Springer
Science and Business Media (License #3417881400121).

The near threshold region (Region I) is that region of the curve typically below
10'8 in/cycle (10‘10 m/cycle). In this region the value of the stress intensity factor range
(AK) is not sufficient to drive crack propagation.
The linear, also called “Paris region” (Region II) contains data where the crack
propagates with a linear rate. The behavior of the cracks propagating in this region is
usually described well by the Paris Law [64]. Crack propagation in this region is marked
with formation of surface striations (also called beach marks). These striations can be
observed via optical or scanning electron microscopy. Each striation corresponds to one
stress cycle. The distance between striations is the dimension of crack propagation
increment. This direct relation between striations and number of applied stress cycles was
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observed and studied by many authors [65]. Fatigue striations cannot be seen in all
engineering materials, however they are usually clearly observed in most metals. In
steels, fatigue striations can often be found in cold-worked alloys. Figure 10 contains
examples of fatigue striations in interstitial-free steel and in aluminum alloys [66].

Figure 10. Fatigue striations in (a) interstitial-free steel; (b) aluminum alloy AA2024-T42
[66]. Reprinted from "Fatigue-Crack Propagation in Steels of Various Yield Strengths,"
by J M Barsom, Journal of Manufacturing Engineering, Volume 93, 2010, with kind
permission from ASME Publications.

The most commonly accepted mechanism of formation of fatigue striations on the
surfaces of ductile metals is the repeating process of crack tip blunting and re-sharpening,
as represented in Figure 11. It was first proposed by Laird [66].
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Figure 11. Laird’s proposed mechanisms of striation formation in Stage II of crack
propagation: (a) no load; (b) tensile load; (c) maximum tensile load; (d) load reversal and
(e) compressive load [66], Reprinted from "Fatigue-Crack Propagation in Steels of
Various Yield Strengths," by J.M. Barsom, Journal of Manufacturing Engineering,
Volume 93, 2010, with kind permission from ASME Publications.

The final region (Region III) of the crack growth curve is governed by the fracture
toughness of the material. In this region the material is in a state of rapid unstable fracture
(extremely rapid crack propagation).
Two distinct regions are usually observed on fatigue fracture surface. These are
shown in Figure 12. The first region appears like a smooth surface, sometimes with the
presence of large striations (beach marks). This morphology is associated with stable
fatigue crack propagation. The other region indicates the location where the material
failure occurred. The fatigue surface in that region is rough (fibrous) and irregular.
Mechanical properties of the material as well as specimen dimensions and loading
conditions characterize the type of fracture in this region. It can be either ductile or brittle
in nature. The ratio between the surface areas of smooth and fibrous fracture relates to the
applied load level. High applied load entails fast crack propagation due to a high value of
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the stress intensity factor. This results in a small area of stable crack propagation, as
shown in Figure 12a. At a lower load the crack will need to be longer in order for the
stress intensity factor to reach the critical value of the fracture toughness of the material.
This will result in a larger smooth fatigue surface region, Figure 12b [66].

Figure 12. Fatigue fracture surface: (a) high applied load; (b) low applied load [66].
Reprinted from "Fatigue-Crack Propagation in Steels of Various Yield Strengths," by
J.M. Barsom, Journal of Manufacturing Engineering, Volume 93, 2010, with kind
permission from ASME Publications.

For a crack to propagate two conditions need to be satisfied: enough energy needs
to be available to operate the crack propagation mechanism (thermodynamic criterion),
and the stress magnitude at the crack tip must be large enough to operate this mechanism
crack propagation (stress criterion) [67].
Since its development the Paris Law was extensively studied and different
modifications were put forward. Forman, Walker, Erdogan, and other authors have
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proposed their modifications to the Paris Law [63,68-71]. A list of some Paris’ Law
modifications and variations is shown in Table 3.

Table 3. Paris’ Law modifications and variations.
(— - crack propagation rate; AK - stress intensity factor range; Kth - threshold stress
intensity factor; Kmax, Kmin - maximum and minimum values of the stress intensity
factor; Kc - material fracture toughness; C, Clt C2, m , n l , n2 - empirical exponents; R stress ratio; G - elastic strain energy release rate, p, q - material constants , AS - remote
stress range)
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2.1.7 Crack Growth Life Integration
One of the goals of failure analysis is to predict fatigue life for some structural
components. Under constant amplitude loading conditions and with a suitable fatigue
crack growth law in hand, the fatigue life of a structure can be found by integration of the
fatigue crack growth rate model from the initial to the final crack lengths (Eq. (15)):
= j a/ _da—
>
ao /o .a )

v

'

where Nf is the number of cycles before failure, a.f is the critical crack length at which
momentary failure will occur, and a 0 is the initial crack length. The initial crack length
usually varies from 1 pm to 1 mm, depending on material defects present.
Using the Paris Law formulation (Eq. (14)), the number of cycles to failure, Nf,
can be expressed by Eq. (16):
Nf = f a/ d a
r
Ja0 c(M)m

(16)
v '

where C and m are power law coefficients, and AK is thestress intensity factor range
(Kmax ~~ ^min)- Equation (16)often needs to be solved numerically.
Another method for fatigue crack growth prediction under constant-amplitude
loading involves approximating the number of cycles for each increment of crack
advance. The values of d N for each increment are then summed up for an approximate
solution for the number of loading cycles of crack growth between any two lengths, a 0
and a.f [80].
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In real applications mechanical structures are usually subjected to random loading
amplitudes. This complicates the fatigue life calculation, requires more computational
resources, and results in less reliable approximations. One of the common methods of
crack growth prediction under variable amplitude loading conditions is the application of
a cycle-by-cycle prediction method. This method is based on evaluation of the crack
growth increment (da/dN) using AK, and R (loading ratio, K m in / K m a x ) values at each
cycle of the variable amplitude history. If crack propagation is relatively slow, routine
inspections and maintenance may be conducted in order to prevent operational failures.
In the aircraft industry this practice has led to the well-known fail-safe philosophy. The
concept of that approach is illustrated in Figure 13 [60].

Minimum crack size
to cause failure
-c
to
S3

M
oa
O

Maximum crack size
escaping detection

ao
Period for crack
detection

Time
(flying hours)

Figure 13. Limitations of fail-safety [60]. Reprinted from “Observations on the Prediction
of Fatigue Crack Growth Propagation Under Variable-Amplitude Loading”, 1976, J
Schijve, with kind permission from ASTM International.

The time period available for crack detection depends on both a0 and aj. Without
sophisticated laboratory inspections fatigue cracks can be detected only when they reach
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engineering size (~2-3 mm). However the major portion of the fatigue life often consists
of the propagation of surface microcracks to the engineering crack size. For this reason
the crack detection period mainly depends on the a0 size. It appears to be possible to
reduce the number of required inspections, as well as the period between them, by
reducing the crack propagation rate. This can lead to material, labor and financial
savings.
2.1.8 Mean Stress Effect
A major loading parameter that affects the fatigue crack growth rate is the stress
ratio (R = amin /amax) [81]- The effect of the mean stress is characterized by this
parameter. Mean stress influence on fatigue crack growth is very important, and each
mechanical design approach should take it into account. The general influence of the
mean stress on fatigue crack growth behavior is shown schematically in Figure 14 [11].
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Figure 14. Mean stress influence on fatigue crack growth rates [11]. Reprinted from
“Metal Fatigue in Engineering”, 2nd ed., 2000, p. 75, Chapter 4, R I Stephens, with kind
permission from “John Wiley and Sons” (License # 3484350018108).

The stress ratio R =

is used as a principal parameter. A major
Kmax

amax

proportion of authors have studied the effects of mean stress on crack propagation only
for positive stress ratios (R > 0). From Figure 14 it can be observed that increase of the
R ratio results in an increase of the crack propagation rate (da/dN) in all regions of the
da/dN - AK curve. It was empirically found that the effect of the R ratio on fatigue crack
growth behavior depends on material properties [11].
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A commonly used equation that accounts for mean stress effects in regions II and
III is the Forman equation [69]:
da _

A'(AK)n ’

dN

_

( l-R )K c-A/C

A'(AK)n '
(1 - R X K C- K m ax )

where A' and n' are empirical fatigue crack growth rate constants and Kc is the
applicable fracture toughness for the material and thickness. The Forman equation is a
modified Paris’ Law that accounts for mean stress and the unstable rapid crack growth
behavior of region III.
The mean stress effects under a positive stress ratio were also described with an
empirical relation introduced by Walker (Eq. (18)) [70]:
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where A and n are the Paris coefficients and slope for R = 0, respectively, and A is a
material constant.
Not much attention was given to the investigation of the effects of negative R
ratios. These effects include compressive stress in the cycle. The majority of the tests of
cast irons, steels and aluminum alloys under negative R ratios did not demonstrate
significant differences when compared to test results obtained under zero stress ratio
conditions [81-84].
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2.1.9 Cyclic Plastic Zone
Equation (11) describes the size of the monotonic plastic zone developed at the
crack tip when the crack is subjected to the maximum load. This concept was initially
proposed by Irwin in 1957 [31].
Under cyclic loading, the plastic zone becomes complicated with a second plastic
zone that results from the local compression occurring at the time the crack closes during
each cycle. The two plastic zones, monotonic (ry) and cyclic (r^), are proportional to
{ Km ax\

V <*y

and

respectively. The size of the cyclic plastic zone relative to the

)

microstructure determines the Stage of crack propagation. The schematic of the plastic
zone at the tip of the propagating crack is shown in Figure 15. Davidson and Lankford
described the nature of cyclic plastic zones [85-87].

Cydic plastic
zone, 2ry

(c)

°y

Figure 15. Schematic of the plastic zone at the tip of advancing crack: (a) loading cycle,
(b) monotonic plastic zone, (c) cyclic plastic zone [11]. Reprinted from “Metal Fatigue in
Engineering”, 2nd ed., 2000, p. 92, Chapter 6, R I Stephens, with kind permission from
“John Wiley and Sons” (License # 3484350018108).

Figure 15a presents a typical sinusoidal load cycle with points A and B
representing maximum and minimum load respectively. The maximum load produces
monotonic plastic zone. The minimum load produces cyclic plastic zone (point B in
Figure 15a). The local stress near the crack tip at the minimum load is reduced to a value
less than that observed for the monotonic plastic zone size (ry ). The stresses at minimum
load within the cyclic plastic zone are compressive. Their magnitude tends to decrease
towards the outside of the zone where the stresses become tensile.
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The size of the cyclic plastic zone experiencing yielding under plane stress
condition can be determined with Eq. (19) [75]:

(19)

where ry' is the size of the cyclic plastic zone under plane stress conditions for R > 0, ay
is the yielding stress, and AK denotes the range of the stress intensity factors (Kmax Under plain strain conditions, the cyclic plastic zone size can be estimated using
Eq. (20):

(20)

Loye and others studied the plastic zone ahead of a fatigue crack in 316 Stainless
Steel on a microstructural level using microhardness techniques. They found that the
monotonic plastic zone was characterized by an almost uniform microhardness while the
cyclic plastic zone demonstrated a parabolic distribution of the microhardness values.
They also observed that the R-ratio did not affect the cyclic zone radius [87].
Chikh studied the influence of the size of the cyclic zone on the propagation of
the fatigue crack and observed that generally, the plastic zone size increases with the
crack advance. The fatigue crack growth rate can be correlated with the energy
concentrated in these plastic zones [88].
Excessive plastic deformation and a large plastic zone size (compared to the crack
length) violate assumptions of the LEFM. However, practically it was observed that the
LEFM provides reasonable approximations for fatigue crack growth (even when applied
to materials that exhibit large plasticity) when the size of the cyclic plastic zone is
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significantly smaller than the size of the monotonic plastic zone size [11]. According to
Irwin in order to ensure plain strain crack propagation the minimum thickness of the
cracked component and the crack length should be at least 2.5 times larger than the
squared ratio of the critical stress intensity factor and the yield strength of the material
j . The remaining uncracked length should be at least five times that ratio [31].

2.1.10 Crack Closure
The concept of crack closure was first introduced by Elber in 1970 [89,90]. Based
on his experimental observations on thin sheets of 2024-T3 aluminum alloy Elber
observed that a fatigue crack can be closed even when subjected to tensile load due to the
development of compressive residual stresses at the crack tip region. This phenomenon
results in a lower crack propagation rate due to reduction of crack growth driving force.
Elber’s finding was further studied and resulted in numerous publications on the subject
of crack closure. Scientific conferences and symposia have been organized to better
understand the crack closure phenomenon. This resulted in various proceedings [91,92].
Figure 16 shows various definitions used to characterize the stress intensity factor
range during cyclic loading. Two important points are defined on the K - time plot. One
point is where the crack opens on the loading portion of the cycle, Kop, and another is
where the crack closes on the unloading portion of the cycle, Kci.
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Figure 16. Schematic representation of crack opening and effective stress intensity
factors.

As can be seen from Figure 16, the nominal stress intensity factor range, AK,
defined as Kmax — Kmin , is greater than the effective crack tip driving force, A/fe^ ,
defined by Elber as Kmax — Kop. Thus the crack propagation driving portion of the
loading cycle, AKef f , is limited to the crack opening portion of the stress intensity factor
range. This means that the portion of the cycle which occurs below Kop has little or no
influence on fatigue crack growth.
The mechanism of fatigue crack closure observed by Elber by attaching an
extensometer close to the tip of a propagating crack is shown in Figure 17 [89]. During
crack propagation the plastic zone remains in the region of the actual crack tip. Crack
advance occurs within the plastic cyclic zone at the moment when the maximum tensile
load is applied. At this moment the elastic energy is released. During unloading cycle
material elasticity brings crack faces into contact before the unloading cycle is
completed. The remaining portion of the unloading cycle leads to a complete closure of
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the crack. (The effect of crack closure becomes unnoticeable in terms of displacement at
the crack tip (see Figure 17). The crack closure phenomenon described above was called
plasticity-induced crack closure.

Stress, (7

&op
tfcl
Crack
completely
closed
Displacement at the crack tip, S
Figure 17. Schematic representation of the mechanism of fatigue-crack closure according
to Elber [89]. Reprinted from “Fatigue crack closure under cyclic tension”, 1970, W
Elber, with kind permission from Elsevier.

Elber also developed the parameter, termed the closure ratio (U), which defines
the magnitude of crack closure. It indicates the portion of the loading cycle during which
the crack is open. It is given by Eq. (21):

it

_ ^ ef f
AK

/, _££2_)
v Kmax'
( 1 - /? )

^

'

where R is the stress ratio, R = Kmln = °mln. At high stress ratio (e.g. for R > 0.5) crack
Kmax

amax

growth generally exhibits limited crack closure, while at low stress ratio crack growth
tends to experience higher levels of crack closure [11].
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Vasudevan and Sadananda stated that plastic deformation along the crack length
has almost negligible effect on crack closure. They observed that fatigue crack
propagation in a vacuum did not depend on the stress ratio [93-95]. Particularly the whole
range of d a / d N was nearly independent of the /^-ratios when cycling was conducted in a
high vacuum. This observation led the authors to the conclusion that plasticity does not
induce closure [96,97]. They found that crack closure effects were less important for
crack growth when compared with microstructural and environmental effects (described
later in the chapter), and did not influence the overall crack growth behavior.
Since Elber’s first work in this area, several additional closure mechanisms have
been proposed. These mechanisms include transformation-induced crack closure,
oxidation-induced crack closure, roughness induced crack closure and others. The

concepts of these mechanisms are shown schematically in Figure 18 [98]. The main
volume of the publications on crack closure focuses on plasticity-induced, oxide-induced
and roughness-induced types of crack closure. These forms of the fatigue closure have
been described, categorized and reviewed extensively by a many authors [99-102].
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Figure 18. General crack closure mechanisms: (a) transformation induced crack closure;
(b) oxidation-induced crack closure; (c) fluid-induced crack closure; (d) roughness- or
geometry-induced crack closure; and (e) plasticity-induced crack closure [98]. Reprinted
from “Fatigue Crack Propagation in Metals and Alloys: Microstructural Aspects and
Modelling Concepts”, 2007, U Krupp, with kind permission from John Wiley & Sons.

Crack closure was demonstrated by some authors to be one of the main causes of
crack growth retardation [101]. The crack closure mechanisms can be separated by two
types: those that operate in front of the crack tip and those that operate behind the crack
tip. The main mechanisms of the first type are crack tip blunting, crack branching, crack
tip strain hardening and crack deflection. The mechanisms that operate behind the crack
tip include plasticity-induced crack closure and roughness-induced crack closure [102].
The crack closure phenomenon is important and beneficial from a practical standpoint as
it was shown to reduce propagation rates of fatigue cracks.
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2.1.11 Corrosion Fatigue
Corrosion fatigue is a process of mutual interaction of corrosion and fatigue
processes. This phenomenon is usually observed when mechanical structures are
subjected to cyclic loads in corrosive environments (gaseous or aqueous). The fatigue life
of metals usually reduces in the presence of aggressive environments and failures can
occur at lower loads as compared to those applied in mild environments or in vacuum.
The degree of fatigue life reduction in a corrosive environment is a function of the
environment, the material, and the stress level. It takes time for corrosion to progress.
This is why at short fatigue lives the reduction may be small or negligible. However at
low cycling rates and at long fatigue lives the fatigue strengths of metals can be
significantly reduced when cycled in corrosive environment. Combined interaction exists
between the applied stress and the corrosive environment because of the continuous
destruction of protective oxide films during cycling. Usually corrosion fatigue is
associated with very little material loss and is often localized, involving surface pitting
and cracks nucleating from pits. Figure 19 demonstrates the effect of a corrosive
environment (3 wt% NaCl water solution) on the crack growth rate of 4340 steel [103].
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Figure 19. Corrosion fatigue crack growth rates for 4340 Steel in 3 wt% NaCl water
solution [103]. Reprinted from “Fatigue and Corrosion-Fatigue Crack Growth of 4340
Steel at Various Yield Strengths”, 1973, E J Imhof, with kind permission from ASTM
International.

Novak studied corrosion-fatigue crack initiation behavior of four structural steels
at low cycling frequency and stress rate [104]. He showed that fatigue loading in a
corrosive environment (3.5 wt% NaCl solution) can result in a degradation of cyclic load-
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carrying capacity of ASTM A36 steel by 54 percent. At very high crack growth rates less
time is available for the interaction between corrosion and cyclic stresses. In those cases
the fatigue rate differences between corrosive and non-corrosive environments is usually
small. Better corrosion fatigue resistance exists in those environment/material systems
where corrosion resistance itself is better.
2.1.12 Fatigue Crack Repair Techniques
Several methods of rehabilitation of steel structures containing fatigue cracks
were developed over the years. Initial methods relied on removing material containing a
fatigue crack from a damaged part. A portion of the material containing a fatigue crack
was simply ground away if the crack was shallow [105]. Often this method required
further welding of the material to restore strength loss associated with grinding. However,
welding is also associated with the reduction of fatigue life due to the development of
residual stresses, stress corrosion cracking and hydrogen embrittlement [106]. High
variations in success and the difficulty of implementing these methods led to
development of more practical methods.
Stop hole drilling has been extensively utilized in engineering applications [107111]. This method was based on reducing the stress concentration factor by drilling a
hole at the crack tip. The fatigue crack had to re-initiate from a hole and thus the fatigue
growth was retarded. This method suffers from the difficulty of locating the fatigue crack
tip and thus the results were often inconsistent and unpredictable.
Compressing the material at the fatigue crack tip with steel rollers or balls was
studied [110, 112-117]. Compression causes plastic deformation and material hardening
at the crack tip region and thus reduces the fatigue crack growth rate.
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Thin-walled components containing a fatigue crack can be treated with adhesive
patching with composite materials. This method has been used in the aircraft industry
[118-120]. The efficiency of the method was found to be low when applied to thick
components or those under large loading.
Novotny during his study of methods of fatigue life extension of pressure vessels
found that a single tensile overload could slow down crack propagation [119]. Many
authors have concluded that crack closure caused by the overload was the main
mechanism of the crack growth retardation [122-124], This method did not find broad
engineering application due to the significant risk of structural failure while overloading.
The mechanism inducing crack retardation due to closure has been used in other
fatigue crack repair methods, for example, crack infiltration with foreign materials. Sharp
and his colleagues have described a method of fatigue crack treatment in aluminum by
vacuum-infiltration of polymeric materials into the crack tip [125]. Song has achieved
fatigue crack life extension of up to 300,000 cycles by employing pressurized nitrogen
for introducing closure materials into the crack and using alumina and silicon carbide
reinforced epoxy resin for crack infiltration in 5083-0 aluminum alloy and AISI 4130
stainless steel specimens [126]. Shin and Cai in 2008 reported growth retardation of
surface fatigue cracks by infiltration of polymeric resin [127]. Crack infiltration with
polymers (usually epoxy resin) has been tested by some other authors with varying levels
of success [128-130]. Numerical models for determining the result of crack treatment by
infiltration techniques have also been proposed [128,130], Generally low reproducibility
of the experimental results was observed. This could be explained by the high viscosity
of epoxy that often prevented penetration to the crack tip. Increasing the temperature of
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the epoxy resin could reduce its viscosity, but a temperature over 150°C could affect the
stability of the epoxy resin for long-term use [131]. Low epoxy strength compared to the
metal could be another cause of low data reproducibility when higher stress levels were
applied.
The latest methods of fatigue crack treatment have involved introduction of
carbon nanotubes into the fatigue crack tip [132-135]. Those studies demonstrated fatigue
life increase due to a fatigue crack bridging (wedging) mechanism. In another study,
Syed and Jiang reported fatigue crack life extension of about 40% when multi-walled
carbon nanotubes were introduced into fatigue cracks of compact tension specimens
machined from 304 stainless steel. Carbon nanotubes still remain a very expensive
material, and their application for fatigue crack treatment is currently economically
unfeasible.
In this study electrochemical treatment of fatigue cracks was attempted. Nickel
was introduced into fatigue cracks via electroplating. Electrochemical treatment has
advantages in terms of low viscosity of the plating solution, high temperature and
corrosion resistance, and high strength of the deposit. This method is less expensive as
compared to an introduction of carbon nanotubes and can be applied by several wellknown nickel plating techniques.
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2.2 Electrochemistry
2.2.1 Definition and Fundamentals
of Electrochemistry
Electrochemistry is the study of mutual electrical and chemical reactions. In these
reactions charged particles (ions or electrons) transfer through the boundary between two
phases of matter: solid (usually metallic) and liquid. These particles migrate from one
electrode to another through a conductive solution (electrolyte) [136]. The necessity to
study chemical and electrical phenomena in their unity was first expressed by Russian
scientist Michail Lomonosov more than 250 years ago. The first experimental work in
electrochemistry was done by Italian physician and physicist Luigi Galvani in 1791
[137]. The first battery whose principle was based on electrochemistry was invented by
Alessandro Volta in 1800. His invention is currently known as a voltaic pile. The battery
consisted of interleaved copper and zinc disks separated by paper sheets steeped in acid
solution. Volta’s discovery of a sustainable source of electrical current has accelerated
the development of electrochemistry. In 1835 Michael Faraday defined the main concepts
of electrochemistry: anode, cathode, electrode, electrolyte, and ion [138]. Benjamin
Franklin defined the positive and negative mathematical conventions for electrical charge
[139]. Gibbs and Helmholtz significantly contributed to the understanding of the energy
of the galvanic cell [140]. A Large contribution to the formation of solution theory was
made by Hittorf, Kohlrausch, Arrhenius, Mendeleev [141-143]. They determined the
electric charge of ions defined the electrical resistance of the solution, described the
nature of ions, and the thermodynamics of the solvation process. In 1923 Debye-Huckel
proposed the theory of strong electrolytes [144].
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During an electrochemical reaction oxidation and reduction processes are taking
place. Oxidation refers to the process in which chemical species lose one or more
electrons. These species are called reducing agents. The gain of electrons is called
reduction and the species that receive them are termed the oxidizing agents. Reductionoxidation (redox) is a process that involves both reduction and oxidation [137]. This
process can occur when external electric energy is applied to a system or an internal
chemical energy is released.
2.2.2 Electrochemical Cells
An electrochemical cell is a device that can generate electricity from chemical
reactions or drive chemical reactions through the application of electricity. Two types of
electrochemical cells are distinguished: galvanic and electrolytic. Galvanic cells are those

whose reactions are spontaneous when the electrodes are connected via a conductor. An
electrolytic cell requires a potential in excess of its open-circuit potential (OCP) to be
provided in order to drive an electrochemical process [137]. Figure 20 schematically
represents an electrolytic electrochemical cell.

Power Supply

Cathode (-)

Anode(+)

Electrolyte
Figure 20. Schematic of electrolytic electrochemical cell.

Electrochemical cells require two conductive electrodes defined as the cathode
and the anode. The reduction process takes place at the cathode and the oxidation process
takes place at the anode. Electrodes are usually made of materials possessing relatively
high conductivity, such as metals, semiconductors and even conductive polymers. The
electrodes are placed in electrolyte which contains ions that can carry the current and
move freely. In this study a titanium electrode was used as an anode, ASTM A3 6 steel
was the cathode, and a Watts nickel plating bath was used as an electrolyte. Driven by the
electrical current, nickel ions migrated from the electrolyte (nickel plating solution) to the
surface of the cathode (ASTM A3 6 steel).
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2.2.3 Electrodeposition of Metals.
Electroplating
Electrodeposition refers to the process of deposition of a thin metallic layer onto a
substrate material occurring through the electrochemical reduction of metal ions from an
electrolyte. This technology is also known as electroplating.
The deposition a substrate material is immersed into an electrolyte containing a
counter electrode. These two electrodes are then connected to an external power supply to
establish a direct current circuit (see Figure 20). The substrate (the object to be plated) is
connected to the negative terminal of the power supply. Plating metal (anode) is
dissolved into the electrolyte to form metal ions. The flow of direct current causes one of
the electrodes (the anode) to dissolve. The ions travel through the solution depositing
onto the cathode’s surface. Electroplating of metals is utilized in a many industries such
as metallurgy, microelectronics, nanotechnology and others. The most often plated metals
are nickel, copper, chromium, and zinc.
Electroplated coatings of nickel are known for providing corrosion and wear
resistance [144], Nickel plating was first patented by Bottger in Germany in 1843.
Bottger used nickel ammonium sulfate plating bath. He was later acknowledged as the
originator of nickel plating [145]. Different formulations of nickel ammonium chloride
plating solution were patented in the U.S. starting in 1869 [146-149]. In 1916 Watts
developed a rapid nickel plating solution which remains the most popular to date [150].
The plating operation in Watts’ solution was relatively inexpensive and simple. The
Watts’ nickel plating bath’s composition, operating conditions and mechanical properties
are presented in Table 4.
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Table 4. Composition, operating conditions and mechanical properties of Watts nickel
plating bath [150]
Composition
Chemical Name

Chemical Formula

Amount

Nickel sulphate

N iS046H20

32-40 oz/gal (240-300 g/1)

Nickel chloride

NiCl26H20

4-12 oz/gal (30-90 g/1)

H3 BO 3

4-6 oz/gal (30-45 g/1)

Boric acid

Operating Conditions
Temperature

105-150°F (40-65°C)

Cathode Current Density

20-100 A/ft2 (2-10 A/dm2)
3.0-4.5

PH
Mechanical Properties
Tensile Strength

50-70 ksi (345-485 MPa)

Elongation
Hardness
Internal stress

10-30%
130-200 HV
18-27 ksi (125-185 MPa)

Each of the constituents of the Watts’ solution affects the properties of the
electrodeposited nickel. Nickel sulfate improves metal distribution and solution
conductivity. It also defines the maximum cathode current density at which a good
quality nickel deposit will be achieved. Nickel chloride is beneficial as it increases the
dissolution rate of the anode. It also increases the conductivity and throwing power which
in turn improves the uniformity of plating. The throwing power is a characteristic of an
electroplating solution defining its ability to leave uniform thickness deposits on nonuniform (irregular) surfaces. It also refers to the distance away from the anode at which a
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quality deposition can be applied. Chlorides increase the internal stress of the deposits
and typically reduce the grain size. Boric acid is usually added to achieve better
appearance and higher brightness of the deposits. The operating conditions, such as pH,
temperature and current density also affect the material properties of the deposits [151].
The weight of the deposited nickel can be estimated using the Faraday’s Law of
Electrolysis which is shown in Eq. (22):

where W is the weight of the plated metal (grams), / is the current (Ampere), t is time
(sec), A is the atomic weight of the metal (gram/mole), n is the valence of the dissolved
metal in solution, F is Faraday’s constant (F = 96,485.309 coulombs/equivalent). The
thickness of the deposited layer can be obtained by dividing its weight by the surface area
and material density. The surface roughness of plated nickel (Ra) can be estimated using
Eq. (23) [152]:

»« = ^ I" = ilyfl

(23)

where n represents points along the trace of the profile, yi is a vertical distance from the
mean line to the i th data point.
For some applications on steel structures the surface roughness is of high
importance. For example this is a concern for the function of sliding components or for
the minimization of hydrodynamic drag. Surface roughness is of interest as it affects
fatigue life of smooth components [153-157].
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Electrodeposited nickel is characterized by high hardness (130-500 HV) [158],
Nickel depositions are often twice (or more) as hard as bulk nickel due to the
microstructure created by the deposition process [159]. Nickel coatings provide great
wear resistance as well as corrosion resistance.
2.2.4 Corrosion of Metals
Corrosion is one of the main causes of infrastructure damage in the United States.
The study of the US Federal Highway Administration revealed that in 1998 the total
annual cost of losses associated with corrosion only in the U.S. was around $276 billion
[160]. This amount constitutes to approximately 3.2% of the US gross domestic product.
Corrosion of pipelines constitutes $7 billion of this total. Oil and gas pipelines often
experience this type of degradation [160-163]. Corrosion was found to be responsible for
18% of the significant incidents in oilfield occurring in the decades (1988 - 2008).
Corrosion is a process of material degradation due to a reaction with an
environment. These reactions can be chemical, electrochemical and sometimes
mechanical in nature. Metals usually react with an environment in an electrochemical
manner [164].
As a result of corrosion the properties of metals can change and their functional
characteristics are degraded. Corrosion can partially or completely destroy metals. There
are several manifestations of corrosion. They are differentiated by the form of the
changes made to the metal surface. Figure 21 shows several of the main types of
corrosion damage. Each type is discussed in the following paragraphs.

Figure 21. Types of corrosion: (a) uniform; (b) non-uniform; (c) selective leaching; (d)
stain corrosion; (e) crevice corrosion; (f) pitting corrosion; (g) undersurface corrosion; (h)
intergranular corrosion [161]. Reprinted from “Corrosion and Corrosion Protection”,
2002,1 Semenova, with kind permission from Dr. Semenova.

Uniform (general) corrosion (Figure 21, a) progresses with the same speed over
the entire surface of a substrate [161]. This is in large contrast to non-uniform corrosion,
(Figure 21, b) where the speed of the process varies over the location. Examples of
general corrosion can be observed everywhere, as metals corrode uniformly in
atmospheres, soils and water. The appearance of general corrosion is usually called
“rust”. During selective leaching (Figure 21, c) one alloy element of a material
component is being dissolved. Alloys containing dissimilar metals are often susceptible
to this type of corrosion. The interaction between more and less noble metals within the
alloy in corrosive environments causes the less noble metal to dissolve via galvanic
corrosion acting on a microscopic level. This type of corrosion is usually observed in
alloys containing metals with significantly different corrosion potentials (located far from
each other in the galvanic series). The elements that often experience selective leaching

54
are zinc, aluminum, iron, cobalt, and chromium. Local corrosion (Figure 21, d, e, and f)
covers only some areas of the metal surface.
Local corrosion can be found in the form of stains, crevices and pits [161,165].
Crevice corrosion (Figure 21, e) usually occurs in restricted small spaces with limited
access to a corrosive liquid (electrolyte). Pitting corrosion (Figure 21, t) is a form of a
very localized corrosion. Pitting corrosion is typically differentiated by small holes and
cavities. The cause of pitting corrosion is the localized disruption of the protective
passive film within a small region of the material surface. This region becomes anodic
while the rest surface area becomes cathodic. This leads to a localized galvanic corrosion.
After a pit has been established, the mechanism of pitting corrosion is then similar to
crevice corrosion. In both cases a key feature is that the oxygen content within the pit or
crevice is much lower than on the outer surface of the metal. Both processes tend to be
autocatalytic as the pH within the pit or crevice starts to drop and the pH outside of this
location starts to increase. Both of these trends tend to accelerate the corrosion rate within
the pit or crevice. Undersurface corrosion (Figure 21, g) initiates on the surface but
mainly propagates inside the thickness of a metal. The products of the corrosion become
accumulated in the formed cavities inside the metal. This type of corrosion causes
distention and exfoliation of the metallic products.
Intergranular corrosion cracking (Figure 21, h) is characterized by the destruction
of the metal on the grain boundaries [166]. This is caused by the formation of corrosion
products in between the grains. Intergranular corrosion is often observed in chromium,
nickel and aluminum alloys.
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The cause of electrochemical corrosion is the thermodynamic instability of metals
in electrolytic environments [166], An ability of metals to withstand the impact of the
environment is called the corrosion resistance or chemical resistance. Some metals are
naturally more resistant to corrosion than others. The Galvanic series shown in Figure 22
presents the list of metals and their corrosion potentials in seawater from the highest
(noble, cathodic metals) to the lowest (the most corrosion susceptible, anodic metals).
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It is important to understand electrochemical thermodynamics and
electrochemical kinetics in order to explain corrosion reactions. If metals are placed into
an electro-conductive environment, such as an acid, alkali or salt solution the main
condition for the initiation of an electrochemical type of corrosion is satisfied [167].
When a metal is introduced into an electrolytic solution interaction with charged particles
of the solution takes place and ions of the metal dissolve into the surrounding solution.
During electrochemical corrosion two conjugated processes are observed. The first
process is the movement of atoms from a metal to a solution where they transform into
solvated (in aqueous solutions - hydrated) ions. A chemical (oxidizing or anodic process)
is expressed by Eq. (24):
M e + m H 20 = M en+ • m H 20 + n e

(24)

The second process is the transition of those ions from the solution onto the
surface of metal in the form of neutral atoms (a reduction or cathodic process).
The rate of corrosion is controlled by the electrode kinetics of reduction and
oxidation [167]. If all parameters of electrochemical reactions are known the rate of
corrosion can be determined using the Faraday’s law. Faraday’s Law describes a
relationship between the metal corrosion rate at any potential, VM, and the current density
of metal corrosion ia M\

Vm = ^
where n is the number of electrons involved in the dissolving reaction, and F is the
Faraday constant, F = 96.485 C /m ol. When polarization is not applied externally a
metal immersed into a corrosive environment immediately obtains a certain potential,

(25)
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termed the corrosion potential, Ecorr [166].The current density at the corrosion potential
is defined as the corrosion current density, icorr. At this point, Eq. (25) then can be
written as Eq. (26):

K orr =

^7

<26>

The net flow becomes equal to zero at the point when electrons available from
within a corroding surface and the positive ions that are approaching it from the
electrolyte are in equilibrium [161]. The electric potential difference at this point is called
the equilibrium potential. The value of the equilibrium potential depends on temperature
and the activity of reacting substances and can be estimated using the Nemst equation
(Eq. (27)):
E =E0+ — ln ° ^ v

nF

a Me

(27)

where Eo is the standard metal potential; R is the universal gas constant; T is the absolute
temperature; a is the chemical activity; n is the number of electrons participating in a
reaction. In the case when the activity of the metal ions is equal to one the second
member of Eq. (27) becomes equal to zero. At this point the electrode potential is equal
to the standard potential. The values of the standard electrode potentials of some metals
are given in Table 5.
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Table 5. The values of standard electrode potentials of some metals [161]
Potential, (V)

Chemical Reaction

Potential, (V)

-2.925

Pb2+ + 2e ^ Pb

-0.126

-2.9

Fe3+ + 3e ^ Fe

-0.037

Mg2+ + 2e ^ Mg

-2.37

H+ + e ^ l / 2 H 2

0

Al3+ + 3e

A1

-1.66

Sn4+ + 4e

Sn

+0.007

Ti2+ + 2e

Ti

-1.63

Bi3+ + 3e £ Bi

+0.215

Ti3+ + 3e ^ Ti

-1.21

Sb3+ + 3e

Sb

+0.24

Mn2+ + 2e p. Mn

-1.18

Cu2+ + 2e

Cu

+0.337

Cr2* + 2e 7* Cr

-0.913

Co3++ 3e

Co

+0.418

Zn2+ + 2e

Zn

-0.762

Ag+ + e

Fe2++ 2e

Fe

-0.44

Hg2+ + 2e ^ Hg

+0.854

-0.283

I^+Sejilr

+1.15

-0.25

Au+ + e ? A u

+1.69

Chemical Reaction
K+ + e £ K
Ba2+ + 2e

Mn3+ + 3e
Ni2++ 2e

Ba

Mn
Ni

Ag

+0.799

The measurement of the absolute electrode potential is currently technically
impossible [166]. It may only be measured with a respect to a reference electrode.
Standard hydrogen electrode’s potential is used as a reference potential. For practical
laboratory experiments copper-copper-sulfate or calomel reference electrodes are often
utilized.
A potentiostat is a device used for electrochemical corrosion potential and
corrosion current measurements [165]. It can be used to control a three electrode cell
(which utilizes a working, a counter and a reference electrode). For some measurements
the potential of a working electrode is kept at a constant level relative to a reference
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electrode while changing the current at the counter electrode. The values of the current
flow between a working and a counter electrode are then recorded.
A type of corrosion that is characterized by corrosion of one metal with respect to
another caused by the difference of corrosion potentials is called galvanic corrosion
[165]. During this process two dissimilar metals are in electrical contact and subjected to
a corrosive environment. The less noble metal (anode) corrodes faster than it would
independently, while the other corrodes slower (cathode). The corrosion potential is a
measure of the relative nobility of metals [161]. The values of the nobility of some metals
immersed into seawater can be found and listed in a galvanic series this particular
environment (see Figure 22). A higher corrosion potential indicates higher nobility for
that given metal.
Metallic structures operating under the simultaneous effects of an aggressive
environment and a mechanical stress are subjected to a greater rate of deterioration
[162,163,166,168-170]. Two types of mechanical stresses are recognized - internal and
external. Internal stresses appear during thermal and mechanical processing, such as
welding. External stresses are applied from without. They can be static or alternating
(cycling). Three stages of corrosion processes acting under mechanical loadings are
differentiated: incubation the stage, the corrosion origin development stage and the rapid
failure stage. The structure of the surface of a metal experiences changes under
mechanical stresses. This can lead to a change of its corrosion potential at some locations,
to destruction of the protection film, and, as a result, to an increased corrosion rate. The
following types of corrosion damage under mechanical loading are differentiated: stress
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corrosion cracking (SCC), corrosion fatigue, hydrogen induced cracking, and erosion
corrosion or fretting corrosion.
Stress corrosion cracking occurs under a simultaneous effect of a corrosive
environment and a constant tensile stress [168,169], At the initial stage cracks appear as a
result of chemisorption of active ions from the corrosive environment. The origination of
cracks could be associated with the appearance of microscopic tunnels (around 0.05 pm)
and pits at the areas of defects. Such areas may be located, for example, at the grain
boundaries, impurities or at the accumulation points of dislocations. Crack propagation
and metal failure happens under the prevalent effect of a mechanical factor. Corrosion
cracking is characterized by the almost absence of plastic deformation. The
electrochemical potential has a critical effect on stress corrosion cracking. This type of
corrosion can be often be observed in components that have residual stresses after
thermal or mechanical processing such as assembling or welding, or after operation under
high pressure or temperature. Stress corrosion cracking is estimated to be responsible for
20%-40% of all corrosive damage in the oil and gas field [161].
Corrosion fatigue is a process of material destruction due to the simultaneous
effect of cyclic loading and a corrosive environment [161,165,166,168-170]. This
synergistic process is typically associated with a larger level of material degradation as
compared to corrosion or fatigue acting alone. Despite the increasing number of studies
denoted to corrosion fatigue the basic understanding of this complex problem is still
limited [163,169]. Recent studies have demonstrated a general lack of reliable corrosion
fatigue results, and low availability of corrosion-fatigue crack initiation behavior.
Corrosion fatigue destruction is often associated with the development of transgranular

61
and intergranular cracks. The cracks usually propagate only at the moment of tensile
stress application. The susceptibility of the metal to corrosion fatigue is characterized by
its fatigue endurance limit (the maximum cyclic stress that can be applied without
causing a failure within 107or more cycles). The simultaneous effect of the cyclic loading
and a corrosive environment reduces the number of cycles before failure. The effect of
the corrosive environment can increase the crack propagation rate dramatically. For
example, Stonesifer and Krafft observed crack growth rate acceleration of about a factor
of three in ASTM A36 steel fatigue cycled in seawater [170]. Novak studied fatigue
crack initiation of four steels, including ASTM A3 6 in air and seawater environments
under slow frequency and long fatigue life conditions [88], He observed a 54% reduction
of cyclic load-carrying capacity of the ASTM A36 steel in seawater.

CHAPTER 3

METHODOLOGY AND PROCEDURES

The procedures of this study can be separated into three groups: experimental,
analytical and simulation procedures. The experimental procedures consisted of fatigue
crack initiation, electrochemical crack treatment and post-treatment crack growth. The
analytical procedures consisted of microscopy, spectroscopic analysis, corrosion
susceptibility determination and analytical modeling. Finite element modeling and
simulation was accomplished in ANSYS.

3.1 Fatigue Crack Initiation and Growth
Fatigue cracks were initiated and grown in notched compact tension (CT)
specimens. The specimens were designed and machined according to ASTM E399
“Standard Test Method for Plane-Strain Fracture Toughness of Metallic Materials” [47].
Geometry and dimensions of the tested specimens are presented in Figure 23.
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Figure 23. ASTM E399 compact tension specimen (dimensions are in inches).

The specimens were machined from ASTM A36 Mild (low-carbon) steel. A36
steel is a standard steel alloy which is a common type of a structural steel used in the
United States. The steel was purchased as hot-rolled flat bars from onlinemetals.com. The
chemistry and mechanical properties of the steel provided by the supplier are presented in
Table 6 [171].
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Table 6. Mechanical properties and chemistry of ASTM A36 Mild (low-carbon) steel
Categories

Properties

Mechanical

Density, p (lb/in3)
Young’s modulus, E (psi)
Poisson’s ratio, d
Ultimate Tensile Strength, au (psi)

0.28
29x 106
0.26
58,000 - 79,800

Yield Strength, ay (p si)

36,300

Elongation, S (%)

20.0%

Shear modulus, G (psi)
Chemical

Values

Iron (Fe)

11.5x106
99%

Carbon (C)

0.26%

Manganese (Mn)

0.75%

Copper (Cu)

0.2%

Phosphorus (P)

0.04% max

Sulfur (S)

0.05% max

Specimens were machined at Louisiana Tech University’s machine shop.
Equipment used for fabrication included: a power band saw, a drilling machine, and a
planer.
Specimen fabrication steps were conducted as follows: the cutting of the
specimen outer dimensions from the steel flat bar was done using the band saw. The
specimen loading apertures were made with a drill press. A straight-through slot
terminating in a fatigue crack starter notch with 60° angle was accomplished using a Vnotch cutter installed on the “#2” planer type milling machine (Cincinnati Milling
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Machine Company, OH, USA). The dimensional tolerances and surface finishes
proposed by ASTM E399 Standard were followed throughout the fabrication process
[47].
Specimens were loaded in an MTS servo-hydraulic testing machine. Fixtures
suitable for loading and holding the specimen (see Figure 24) were designed and
machined as shown in ASTM E399 Standard (see Appendix A4) [47]. Both ends of the
specimen were held in clevises and loaded with pins. The cylindrical pins allowed
rotation of the specimen during cycling. As was suggested by the Standard rolling contact
between the pins and the clevises was ensured by machining small flat areas on the
loading surfaces as shown in Figure 25. The testing machine was controlled using
TestStar™ Ils software version 4.0C 1994 (MTS Systems Corporation, MN, USA). The
fatigue cracking setup is shown in Figure 26.

Load cell

Clevis
Specimen —.

/ / / / / / / / / 77/ / / / / / / / /
Figure 24. CT specimen loaded into clevis.
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0.75

0.78

-i Loading Flat

Figure 25. ASTM E399 tension testing clevis.

Figure 26. Fatigue cracking setup.

Fatigue crack initiation and growth was conducted in accordance with the
procedures outlined in Annex A2 of ASTM E399 Standard [47], During this procedure
specimens were located into the loading fixture and secured in S-T (crack perpendicular
to the short transverse (S) and along the long transverse (T)) crack plane orientation as
required for the K calculation provided by the Standard. Cyclic fatigue loading was
conducted using a sinusoidal waveform in a load control mode. The load cycle was
maintained constant, while the maximum K and the AK values were allowed to increase
with crack growth. The initial value of the maximum fatigue load was calculated using a
model provided in the ASTM Standard. The maximum stress intensity factor in the initial
portion of the fatigue test did not exceed 80% of the estimated Kic value of the material
(ASTM A36 steel) as suggested by Clause A2.4.1 of ASTM E399 [47]. The fracture
toughness (devalue) of ASTM A36 steel was found in the literature to be 75
room temperature [172], The values used for the initial AK ranged from 11.8
29

ksiy/in at

ksi\[in to

ksiyffn. The cycling frequency varied from 3 to 5 Hz. The values of frequency were

chosen according to the machine capability, but from a material standpoint they could
potentially be increased to up to 100 Hz, as there was no frequency effect observed on
fatigue pre-crack formation up to at least 100 Hz in the absence of adverse environments.
The specimen was carefully monitored until crack initiation was observed. The growth of
the crack was also monitored to verify symmetrical growth. If crack initiation was not
observed on the other side before appreciable growth was observed on the first, then
fatigue cycling was stopped, the cause for the unsymmetrical behavior was determined
and the remedy executed. If a crack was observed on both surfaces of the specimen the
cycling continued until the total length of the notch and crack met the requirements of
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clauses 7.3.2.1,1 3 .2 2 , and Figure 7 of the standard. The lengths of initiated cracks
varied from 0.7 to 1.85 inches long.
Three techniques were implemented for fatigue crack growth measurement. Two
of them were based on the crack mouth opening displacement (CMOD), namely clip-on
gage CMOD measurement and manual crack mouth opening measurement conducted
with a digital caliper. The third technique, back-face strain (BFS) gage measurement, was
based on the deformation of the back side of the specimen. CMOD and BFS gage
techniques were used to automatically monitor crack length as a function of compliance.
Manual crack mouth opening deflection measurement consisted of the following
procedures: suspension of cycling after a certain number of cycles (1,000 to 50,000
cycles), applying static loading of 6 kips and taking measurements of the crack mouth
opening using a digital vernier caliper. The resolution of this measurement technique was
0.001 inch. The average of ten measurements was then recorded. The values of the crack
mouth opening deflection were further used for crack length and AK calculations.
CMOD measurement using a clip-on gage was performed in accordance with the
ASTM E399 Standard. The MTS Model 632.02 clip-on displacement gage was
implemented. It was designed specifically to meet the ASTM E399 Standard and
consisted of two metallic cantilever beams and a gage block as shown in Figure 27.
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MODEL
632.02

>

Cantilever Beams

Gage Block
Figure 27. MTS Model 632.02 clip-on displacement gage [173]. Reprinted from Manual
100-007-834B, 2008 with kind permission from MTS Systems Corporation, Eden Prairie,
MN, USA.

Figure 28 shows a circuit schematic of the MTS clip-on displacement gage. The
clip-on gage used precision resistance-type strain gages bonded to the metallic cantilever
beams to form a Wheatstone bridge circuit. The gage was connected to a DC conditioner
of the MTS TestStar II testing machine control unit via an extension cable. The DC
conditioner processed the signal and made it available to the controller where the signal
was recorded and used.

Excitation
Adjustment

Zero
Adjustment

Gain
Adjustment
A m plified
C lip -o n G a g e
O u tp u t

Adjustment

Figure 28. Conditioning circuit of the MTS clip-on displacement gage [173]. Reprinted
from Manual 100-007-834B, 2008 with kind permission from MTS Systems Corporation,
Eden Prairie, MN, USA.
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The clip-on gage was installed into knife edges which were mounted onto a
specimen. The alignment fixture provided with the gage set was used to establish the
edge length and knife edge alignment. A schematic of knife edge installation is presented
in Figure 29. A completed setup of the MTS Model 632.02 clip-on displacement gage
attached to a compact-tension specimen is presented in Figure 30.

The knife edges are mounted onto
the specimen with screws

Knife edges

Knife edge alignment
tool
Crack Starter Notch
Figure 29. Knife edges installation [173], Reprinted from Manual 100-007-834B, 2008
with kind permission from MTS Systems Corporation, Eden Prairie, MN, USA.

o
on
ipss—

Figure 30. Compact-tension specimen with knife edges and displacement clip-on gage
attached [173]. Reprinted from Manual 100-007-834B, 2008 with kind permission from
MTS Systems Corporation, Eden Prairie, MN, USA.
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Prior to conducting the crack mouth opening displacement measurement the
signal from the clip-on gage was calibrated according to the procedures described in the
gage manual (MTS 100-007-834B manual) [173]. The calibration process coordinated
the interaction between the transducer and a DC conditioning circuit. After calibration the
clip-on gage was deployed by clipping it between the knife edges on the specimen (see
Figure 30). According to the ASTM E399 compliance method, the crack length in the
specimen is a function of the crack mouth opening displacement achieved at a given
applied load value. Since peak values are not required for crack length determination the
measurement of the crack mouth opening can be done at frequencies lower than the
cycling frequency. In this study the measurements of crack mouth opening displacement
from the clip-on gage were recorded every 30 seconds. The data obtained was then
converted into crack length using formula A4.4 from clause A4.5.6 of the ASTM E399
Standard.
The Back-face Strain (BFS) gage method was developed by Dean and Richard in
1979 [174]. This crack growth measurement method was based on a linear relationship
between the strain on the back face of the E399 compact tension (CT) specimen and the
crack length. A strain gage was bonded to the center of the back face of the specimen (the
face opposite to that from which the notch slot was machined), in the plane of the crack
as shown in Figure 31. The signal of the gage was recorded using the HP Agilent 34970A
data acquisition system. A back-face compliance relationship for the ASTM E399
compact tension specimen was developed by Newman and his colleagues in 2011 to
obtain crack length values from the back-face strain data [175],
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Back face

BFS Gage

Notch Slot

Figure 31. Back-face strain gage attached to the ASTM E399 compact-tension specimen
[175]. Reprinted from “Back-face strain compliance relation for compact specimens for
wide range in crack lengths”, Engineering Fracture Mechanics, 2011, p. 2708, J C
Newman, with kind permission from Elsevier (License #3417960415748).

3.2 Electrochemical Fatigue Crack Treatment
Fatigue crack treatment consisted of electro-deposition of nickel onto the fatigue
crack surfaces. A solution reservoir inside the specimen was created by applying nonconductive tape on the interior surfaces of the notch slot as shown in Figure 32. This
allowed focusing of the treatment directly onto the crack surfaces.

Step A

Step B

Step C

Figure 32. Assembly steps for creating a treatment solution reservoir inside the specimen.
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The reservoir was filled with Watt’s nickel plating bath solution [150]. The bath
composition, operating conditions and mechanical properties are presented in Table 4,
Section 2.2.3. After the bath solution was poured into the reservoir, the specimen was
subjected to static loading using the static loading armature shown in Figure 33. Placing
the bath into the crack prior to opening the crack helped prevent the formation of air
bubbles at the crack tip which could interfere with plating. The specimen crack mouth
was opened up to as well as above the size that was reached during initial cyclic loading
that occurred prior to treatment.

Loading
armature

Non-conductive tape

Figure 33. The specimen opened using a static loading armature.

After the crack was opened the specimen was placed onto a hot plate. The
temperature of the hot plate was kept at 60 °C to match the plating bath requirements
provided in Table 4. The plating bath temperature was monitored by immersion of a
digital thermometer into the liquid. A titanium electrode, used as a counter electrode, was
placed into the plating bath. All but the tip of the electrode was covered with a nonconductive tape in order to focus the treatment onto the tip of the fatigue crack.
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The specimen and the electrode were connected to an external power supply
allowing direct current flow. The specimen was connected to the negative terminal and
the titanium electrode was connected to the positive terminal of the power supply. The
electrochemical treatment setup is schematically shown in Figure 34.

Power
Titanium
Electrode

Loading
Armature

Figure 34. Electrochemical treatment setup.

The power supply was set for current control and provided an amperage flux of
between 0.13 Amps/cm2and 0.15 Amps/cm2 as suggested by Watt’s plating bath
requirements [150], The conductive area was calculated using the crack length and the
thickness of the specimen. All specimens were electrochemically treated for one hour.
When the treatment was finished the static loading armature and the tape were removed,
The specimen was washed with deionized water and ethyl alcohol; air dried and placed
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into a sealed container with indicating Drierite desiccant (Hammond DRIERITE Co.
LTD, Xenia, OH, USA).

3.3 Treated Crack Growth
After treatment the specimen was again subjected to the same magnitude and
frequency of loading as was applied during the pre-treatment cycling. Cycling was
periodically paused and the specimen was again statically loaded to assess crack
propagation. The crack mouth opening deflection was measured using CMOD and BFS
gages, or using a digital caliper to assess crack propagation as described in Section 3.1.
Post-treatment cycling continued until crack propagation was quantified or specimen
fracture was observed.

3.4 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was implemented for studying surface
topography, as well as the composition and distribution of nickel deposits on treated
specimens. Three scanning electron microscopes were used during this study, namely the
Phenom Pro G2 (PhenomWorld Inc., Eindhoven, Netherlands), the TM-1000 (Hitachi,
Tokyo, Japan) and the S-4800 (Hitachi, Tokyo, Japan) (see Figure 35). SEM images and
their analysis are presented in Section 4.3.
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(c)
Figure 35. Scanning electron microscopes: (a) TM-1000 (Hitachi Ltd, Tokyo, Japan); (b)
Phenom Pro G2 (PhenomWorld Inc., Eindhoven, Netherlands). Reprinted with kind
permission from PhenomWorld Inc.; (c) S-4800 (Hitachi Ltd, Tokyo, Japan).

Prior to imaging each specimen was cut, cleaned, polished, and attached to a SEM
specimen base. Initially a small part of the CT-specimen was cut as shown in Figure 36.
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Figure 36. A portion of the ASTM E399 compact tension specimen cut for scanning
electron microscope imaging.

A band saw was used for initial sectioning and a diamond blade saw was used for
a finishing cut. The cut specimen was washed, degreased and air dried. The dried

specimen was then prepared for polishing. The specimen was put into a cylindrical plastic
vacuum mold with the surface to be imaged facing to the bottom of the mold. The mold
was then filled with epoxy using the Cast n’ Vac 1000 (Buehler Inc., Lake Bluff, IL,
USA) castable vacuum system and left to harden for 24 hours. The hardened epoxy with
the specimen embedded was then removed from the mold and polished. Figure 37 shows
the specimen molded with epoxy prior to polishing.

Figure 37. The specimen molded with epoxy and ready to be polished.
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A 60-1990 model grinder-polisher (Buehler Inc., Lake Bluff, IL, USA) was used
for polishing. The polishing procedure was suggested by the polishing machine
manufacturer. The specimen was polished with a sequence of sandpapers going from a
coarse (240 Coated Abrasive Manufacturers Institute (CAMI) grit) to a fine one (1200
CAMI grit). A 50-50 mixture of ethylene glycol and ethyl alcohol 190 proof was used for
lubrication. Finishing polishing was done using a Texmet polishing pad with addition of
1 pm alumina particles. The polishing setup can be observed in Figure 38.

Figure 38. 60-1990 grinder-polisher (Buehler Inc., Lake Bluff, IL, USA) loaded with
molded specimens [176]. Reprinted with kind permission from Buehler Inc.

Polished specimens were washed with ethyl alcohol and dried in a container with
indicating Drierite desiccant for 24-48 hours. Cylindrical specimens were cut into a
rectangular shape in order to fit the chamber of an SEM. Cut rectangular specimens were
again washed with ethyl alcohol and placed into a container with indicating Drierite
desiccant for 24-48 hours. Dried specimens were attached to an SEM specimen base
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using SPI #04998-AB conductive silver paint (SPI Supplies Division, Structure Probe
Inc., West Chester, PA, USA). An example of the specimen ready to be imaged is shown
in Figure 39. Results and images obtained using scanning electron microscopy are
presented in Section 4.3.

Epoxy molded and
polished specimen

Fatigue crack

Epoxy resin

Figure 39. An example of a specimen mounted on an aluminum SEM specimen base
using silver paint and prepared for imaging.

3.5 Optical Microscopy
Optical microscopy was used to obtain the dimensions of the notch and fatigue
crack of ASTM E399 compact tension specimens, and for determination of nickel deposit
distribution in a treated fatigue crack.
ASTM E399 compact tension specimens were analyzed before and after
electrochemical treatment using Moticam 1000 1.3Mpx (Motic Inc., Hong-Kong) digital
microscope connected to a computer with Images Plus 2.0 (Motic Inc., Hong-Kong)
imaging software. The specimens were imaged unloaded and under static load of 6 kip
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applied before and after the treatment using loading the armature shown in Figure 33.
The data and images obtained using optical microscopy can be found in Section 4.3.

3.6 Energy-dispersive X-rav Spectroscopy
Energy-dispersive X-ray spectroscopy (EDS) was used for elemental analysis and
chemical characterization of electrochemically treated specimens. This technique helped
to confirm deposition of nickel on crack surfaces and to characterize its distribution.
Spectroscopic analysis was performed using a tabletop scanning electron
microscope (SEM) TM-1000 (Hitachi Ltd, Tokyo, Japan) (see Figure 35, a) with an EDS
module and S-4800 (Hitachi Ltd, Tokyo, Japan) SEM with EDAX EDS module (EDAX
Inc., Mahwah, NJ, USA) (see Figure 35, c).
The preparation of the specimens for the spectrographic analysis was similar to
the preparation of the SEM specimens described in Section 3.4., but, in contrast to the
SEM specimens, the EDS specimens were not polished to avoid alteration of the outer
surface of the plated nickel.
During the spectroscopic analysis rectangular areas of the specimens were studied
using the “Area” mode of the EDS. Obtained data provided the quantification of elements
concentrated at the studied regions. The results of the spectroscopic analysis are
presented in Section 4.4.

3.7 Corrosion Susceptibility Determination
A corrosion susceptibility study was performed to evaluate the effect of nickel
plating on the corrosion resistance of the ASTM A36 steel. The specimens for this study
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consisted of five nickel plated and five bare ASTM A36 steel rectangular plates, and one
electrolytic nickel strip (nickel deposit) separated from a previously plated specimen. The
following sections describe these procedures.
The preparation of the ten rectangular A36 steel specimens consisted of
machining, sand blasting, cleaning, covering with epoxy and electroplating (of the nickel
plated specimens). Electrolytic nickel strip preparation consisted of only cleaning with
ethyl alcohol 190 proof prior to placement into a corrosive environment.
The rectangular specimens were cut from flat bar of ASTM A3 6 steel using a
band saw. The dimensions and geometry of the specimens are presented in Figure 40.

,0.75”
Figure 40. Dimensions and geometry of ASTM A3 6 steel specimen used for corrosion
susceptibility testing.

Machined specimens were sand blasted using a SBCNNS (Black Bull Inc., Salt
Lake City, UT, USA) sandblaster cabinet using glass abrasive in order to remove dirt,
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cutting lubricant and possibly existing corrosion spots. After sand blasting the specimens
were cleaned using methyl alcohol. The cleaned specimens were air dried and put into a
container with indicating Drierite desiccant to await epoxy coating.
The specimens were coated with epoxy leaving only two areas uncovered, the
area destined to be exposed to a corrosive environment and an electrode connection area
at the top of the specimen as shown schematically in Figure 41.

Electrode connection
area

Area covered with
epoxy resin

Area exposed to
corrosive environment

Figure 41. Schematic representation of the ASTM A36 steel specimen covered with
epoxy resin.

The specimens covered with epoxy were kept for 24 hours in a dry environment at
room temperature to let the epoxy cure. When the epoxy hardened the uncovered areas of
the specimens were again sandblasted and cleaned with ethyl alcohol 190 proof.
Nickel plating was applied to five of the ten rectangular steel specimens covered
with epoxy. The electroplating process and conditions were similar to the electrochemical
treatment of fatigue cracks that was applied to the ASTM E399 compact-tension
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specimens described in Section 3.2. A specimen was placed into the Watts’ solution bath
with a negative power supply lead attached to its top area as illustrated in Figure 42. The
positive lead was attached to a titanium counter electrode. Electrodeposition lasted for 1
hour at an amperage flux of between 0.13 A/cm2and 0.15 A/cm2 as per Watts’ plating
bath requirements [150].
When the nickel deposition was finished each specimen was placed into an
opening in a 100 ml plastic container. Each container was covered with duct tape. The
containers were filled with 3.5 wt% NaCl solution simulating seawater. An example of an
epoxy covered specimen placed into a container with corrosive environment is illustrated
in Figure 42.

Electrode area not
covered with epoxy

Potentiostat
Copper-copper
sulfate reference
electrode

Corrosive
environment
(3.5 wt% NaCl)

Graphite counter electrode -*
Figure 42. An example of a rectangular steel specimen covered with epoxy and placed
into container with a corrosive environment (3.5 wt% NaCl).
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The area of the rectangular steel specimen exposed to the corrosive environment
during the corrosion susceptibility testing was 4.84 cm2. It was chosen based on the
average crack length and the thickness of the treated specimens. The area of the nickel
strip was 0.9 cm2.
An SI 1287 (Solartron Analytical Inc., Hampshire, GUI4 ONR, UK) potentiostat
connected to a PC with the CorrWare software version 3.3e (Solartron Analytical Inc.,
Hampshire, GUI 4 ONR, UK) was used to take measurements of corrosion potential and
corrosion current density. The measurements were taken weekly during a 12 week period.
All the measurements were taken at room temperature (22 °C - 25.2 °C). As shown in
Figure 42 the measurement cell of the potentiostat consisted of a specimen, a graphite
counter electrode and a copper/copper sulfate reference electrode. The potentiostat scan
was run at a rate of 0.1 mV/sec within a range of ±30 mV from the corrosion potential of
the specimen. The linear polarization resistance method was then applied to calculate the
corrosion rate and current.
The galvanic corrosion rate between ASTM A3 6 steel and the electrolytic nickel
deposit strip was measured using a galvanostatic zero resistance ammeter (GZRA)
method [164]. The experimental setup for this method consisted of an ammeter and a
power source connected in series with the anode (electrolytic nickel strip) and cathode
(ASTM A36 steel). A high input impedance voltmeter was connected in parallel to the
anode and cathode. Both the steel and nickel specimens were immersed in the same
electrolyte (3.5 wt% NaCl water solution). The exposed surface area of the each
specimen was 0.9 cm2. The reading of the voltmeter was monitored during adjustment of
the current generated by the power supply until the potential difference between the
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anode and the cathode was reduced to zero. This means that the power supply is
providing just enough of a boost to overcome the inherent resistance of the ammeter. At
that moment the true galvanic corrosion current displayed by the ammeter was recorded.
Results of the corrosion measurements are presented in Section 4.6.

Ammeter

DC Power Source

jSIl
Voltmeter

Figure 42-2. The schematic of the experimental setup for galvanic corrosion
measurement using Galvanostatic Zero Resistance Ammeter (GZRA) method [164],
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3.8 Finite Element Modeling and Simulation
Finite Element Modeling (FEM) and simulation was done to serve as a
comparison to the experimental and analytical results. This method allowed analysis of
the assumptions made in the research and evaluation of the obtained experimental data.
A dynamic transient finite element analysis technique was used for this study. The
analysis was divided into 3 time steps: (1) subjecting a CT-specimen with a fatigue crack
to static loading; (2) inserting a layer of nickel (simulating nickel deposition); (3)
releasing the static loading with nickel deposited on the crack surfaces. The schematic of
the steps of the finite element analysis is shown in Figure 43.

Opened
fatigue
crack

Nickel
deposit

Figure 43. The steps of the finite element analysis: (1) subjecting a CT-specimen with a
fatigue crack to static loading; (2) inserting a layer of nickel (simulating nickel
deposition); (3) releasing static loading while nickel is deposited on crack surfaces.

A 2D model of an ASTM E399 compact-tension specimen with a fatigue crack
was designed in ANSYS 14 (ANSYS, Inc., Canonsburg, PA, USA). The dimensions of
the specimen were the same as of the specimens used during experimental cycling. The
size of the crack was 1.4 inch from the point of load application or 0.7 inch from the
notch tip. The size of the crack was chosen based on the average crack size reached
during experimental cycling. The crack at this length was outside of the influence of the
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notch. The material properties of the ASTM A3 6 steel provided in Table 6 were used as
material properties of the CT-specimen model. The material properties of the nickel
deposit used for the finite element analysis are presented in Table 7.

Table 7. Material properties of the nickel deposit for the finite element modeling and
analysis

Properties
Density, p (lb/in3)
Young’s modulus, E (psi)
Poisson’s ratio, d

Values
0.32
29x106
0.31

The model was automatically meshed by ANSYS and divided into 28,842 fournoded linear triangle and quadrilateral Shell 181 finite elements with six degrees of
freedom. The minimum size of an element was 0.02 mm, the maximum was 0.5 mm. The
mesh was refined at the notch tip. The meshed model of the specimen is shown in Figure
44.

Nickeldeposit

Figure 44. ASTM E399 compact-tension specimen and nickel deposit meshed in
ANSYS.

The electrochemical treatment was modeled as an introduction of a thin nickel
layer packing the fatigue crack (see Figure 43) and alternatively as an introduction of a
nickel clump (see Figure 45) wedging the crack. Three models of the nickel layer were
designed. The models varied by length. The lengths were as follows: 0.7 inch (100% of
the crack length), 0.35 inch (50% o f the crack length), and 0.07 (10% of the crack
length). The nickel clump was modeled in one set of dimensions shown in Figure 45. It
was positioned 5 mm (0.197 in) away from the crack tip corresponding to spectroscopy
analysis findings (see Section 4.4). The nickel clump was designed with the arc-shaped
top and bottom sides similar to those observed in microscopic images.

0.048 mm

0.047 mm
Figure 45. Nickel clump model meshed in ANSYS.

The boundary conditions were applied to the CT-specimen and to the nickel layer
as shown in Figure 46. The boundary conditions varied for each time step of the transient
analysis. The boundary conditions for the finite element analysis (FEA) of crack wedging
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with a nickel clump are shown in Figure 47. The finite element analysis provided an
elastic solution. The results and discussion of the FEA are presented in Section 4.5.
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Figure 46. The boundary conditions applied to the CT-specimen and nickel layer models
at 3 steps of the dynamic transient finite element analysis. Label “C represents nickel
layer deposit. Units: Newton (N), mm.
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Figure 47. The boundary conditions applied to the CT-specimen and nickel clump at 3
steps of the dynamic transient finite element analysis. Label D represents nickel clump
deposit. Units: Newton (N), mm.

CHAPTER 4

RESULTS AND DISCUSSION

In this chapter the results of experimental, analytical and simulation studies are
presented and discussed. The concept and the usefulness of the proposed fatigue crack
treatment technology in steel pipelines are discussed. The discussion focuses on
understanding the results and their comparison to the literature and research in order to
ascertain whether these findings support or contradict the current crack arrest hypothesis.
The discussion demonstrates how the knowledge of fatigue crack treatment has been
changed by the addition of this new study.

4.1 Fatigue Crack Initiation and Growth
In this study fatigue cracks in ASTM E399 Standard compact-tension (CT)
specimens made of ASTM A36 steel were initiated and grown as described in Section
3.1. Some of the cracks were further treated using the proposed electrochemical method
and some were also grown without treatment in order to serve as control specimens. An
example of fatigue crack growth behavior in control specimens is shown in Figure 48.
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Figure 48. Fatigue crack propagation in specimen C without electrochemical treatment.
AK units - ksiVin.

The fatigue crack in specimen C was grown using constant maximum and
minimum loads. The stress ratio (^ZML) was equal to 0.26. Under these conditions the
amax

value of the stress intensity factor range (AK) was increasing with the crack growth. The
average rate of the crack growth (da/dN) was 1.33x10'5 inch/cycle. Figure 49 contains a
compilation of da/dN data used to compare the results of this study to prior work [177],
This data was acquired from tests conducted on ASTM A36 steel from 1971-1987. No
information was available as to the state of anneal for material used to obtain this data.
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Figure 49. 34 sets of fatigue crack growth data for ASTM A36 steel [178]. Blue dashed
circles represent data obtained during the current study. Reprinted from "Damage
Tolerance Analysis of Tank Car Stub Sill Cracking", 1998, J W Cardinal, P C
McKeighan, S J Hudak, with kind permission from Southwest Research Institute.

The range of crack behavior starts at 1O'8 in/cycle and goes up to a rate of 1O'3
in/cycle. In the current study the range of propagation rates were 10'7 - 10-4 in/cycle. As
shown in Figure 49 the da/dN rates of the current study are represented by dashed
circular points. It was observed that the data from the present study is all located within
the scatter band of the data from the literature [177,179]. In general, the growth rates of
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all fatigue cracks observed before treatment were in a good correlation with data found in
the literature, as shown in Figure 49.
It is currently a general practice to characterize the rate of fatigue crack growth
using the Paris Law as described in Section 2.1.6. In order to serve as a reference, the
projection o f the fatigue crack growth in specimen C, according to the Paris Law, was
plotted as a dashed line in Figure 48. The projection was constructed by inserting actual
AK and dN values (from the current study) into the Paris Law and solving it for da. The
power law coefficients that were used for the da calculation were specific to ASTM A36
steel (C = 7x1 O'10, m = 2.8). These coefficients were found by Barsom and confirmed by
Fisher [177,180]. In Figure 48, the AK and dN values for each of the five data points were
used to calculate the corresponding Paris Law points. The dashed line is a curve fit
through these five calculated points. In the case of specimen C the projection resulted in
under-prediction of crack propagation. This Paris Law projection appears to be a
reasonable approximation when taking into account the small number of data points
considered. Specimen C failed within 60,000 cycles at AK equal to 45.7 ksiVin. The
value of the plain strain fracture toughness (Kjc) of ASTM A36 steel observed in the
literature varied from 45 ksix/m to 67 ksiVin [84,181,182].
Figures 50-53 demonstrate behaviors of cracks before and after treatment. Figure
50 shows the history o f fatigue crack propagation in specimen D.
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Figure 50. Fatigue crack propagation in ASTM A36 steel CT specimen D before and
after electrochemical treatment. The units of AK were ksiVin. The dashed line represents
the projected behavior o f a fatigue crack without electrochemical treatment based on the
Paris Law.

The fatigue crack in specimen D was treated after 40,000 cycles when its length
was 1.45 inches and AK = 44 ksiVin. The cyclic loading of the specimen continued after
treatment at AK = 44 ksiVin. From Figure 50 it was observed that the fatigue crack was
continuously growing before treatment at an average rate of 1.5x10'5 inches/cycle. The
projection of crack propagation based on the Paris Law was very close to the actual
values before treatment. After treatment the crack stopped propagating. During the next
9,000 cycles no crack propagation was observed and the average rate of crack growth
(da/dN) was equal to zero. After 9,000 cycles the crack appeared to re-initiate with a
local average propagation rate of 8x10‘5 inches/cycle, which was comparable to Paris
Law approximation (6.1x10'5 inches/cycle). (It was not clear whether the crack re-
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initiated from the point where the tip existed prior to treatment or if it had re-initiated
from a “new” crack tip location that may have been created by the plating treatment). The
cyclic loading of specimen D was stopped after 52,000 cycles at AK = 60 ksiVin . The
specimen did not fail. The behavior o f the crack in specimen D after treatment differed
from its behavior before treatment. Until the point of treatment the fatigue crack growth
was well characterized by the Paris Law. It deviated from this behavior after treatment
was applied.
Based on these observations and the Paris Law projection the fatigue crack in
specimen D, if not treated, would have grown up to 1.76 inches long within 9,000 cycles
from the treatment point. The treatment effectively arrested the fatigue crack at a length
of 1.45 inches for a period o f 9,000 cycles. In order to compare the fatigue behaviors of

treated and non-treated cracks two cycling histories were plotted together in Figure 51.
Both specimens were cycled under the same loading conditions. In both of these cases the
maximum load (Pmax) was equal to 8.3 kip; the minimum load (Pmw) was equal to 2.15
kip. The frequency was equal to 5 Hz.
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Figure 51. Fatigue crack propagation in specimen C (not treated) and in specimen D
(treated). AK units - ksiVin.

From Figure 51 it was observed that both cracks were propagating with an
average rate of ~1.5xl 0'5 inches/cycle. For example, the fatigue crack in specimen C
grew from 1.27 inches to 1.5 inches in 10,000 cycles. During the same number of cycles
the fatigue crack in specimen D grew from 1.27 inches to 1.45 inches. The difference was
only 0.05 inches thus it appears that the growth rates of these fatigue cracks before
treatment were similar. The fatigue crack in specimen C was continuously growing and
failed after 60,000 cycles at AK = 45.7 ksiVin and a crack length of 1.5 inches.
Electrochemical treatment was applied to specimen D at the 40,000th cycle at AK = 44
ksiv/in and arrested the fatigue crack for 9,000 cycles. This specimen did not fail after
52,000 cycles. The last measurement indicated the crack length and the AK values of 1.74
inches and 60 ksiVin respectively. The slope of the trend line of specimen D is lower
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than that of specimen C. The difference in slopes may have been caused by the crack
arrest period in treated specimen D. The fatigue crack in treated specimen D grew 0.24
inches longer than that of the non-treated specimen C before failure. Taking into account
the similarity of the crack growth rates of specimens C and D before treatment and
assuming the similarity of material fracture toughness of those specimens it appears that
specimen D would be expected to fail within 1,800 cycles after the point of treatment.
Instead the failure of specimen D did not occur after 10,200 cycles. Thus it appears that
the fatigue life of the specimen D could be increased by 10,200 cycles or approximately
20%. However this fatigue life difference could also be observed due to the normal
scatter of fatigue data.
For some specimens electrochemical treatment was applied on more than one
occasion. Figure 52 shows fatigue crack propagation in specimen E before and after
electrochemical treatment. The treatment was applied on two occasions.
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Figure 52. Fatigue crack propagation in specimen E before and after electrochemical
treatment. Dashed lines represent projected behavior of a fatigue crack without
electrochemical treatment based on the Paris Law.
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Similarly to the fatigue crack in specimen D the crack in specimen E was
continuously growing before treatment with the propagation rates reasonably
characterized by the Paris Law. The crack was treated on the first occasion after 555,000
cycles when AK was equal to 25 ksiVin. The crack mouth opening (which was later
converted to crack length using compliance methodology provided by the ASTM E399
Standard) was measured after every 2,000 cycles (after each treatment) in order to
estimate the duration of treatment effect with some accuracy. After the first treatment no
crack propagation was observed for 20,000 cycles. The crack resumed its propagation
after that period with a rate of ~1.75xl0'5inches/cycle which was comparable to the Paris
Law approximation (~9xl O'6 inches/cycle). The second treatment was applied after
581.000 cycles when AK was equal to 29 ksiVin. No crack propagation was observed for
10.000 cycles after the second treatment. Crack propagation was again noted at the
593,000th cycle. The crack propagation rate after the second treatment was 2.5x10‘5
inches/cycle and was similar to the Paris Law approximation. Based on the Paris Law
projection if the first treatment had not been applied the crack would have grown to 1.68
inches in 20,000 cycles instead of being held to 1.55 inches in length. It is interesting to
note that the treatment yielded a longer crack re-initiation life when applied at a lower AK
level. Based on these observations it appears that this type of treatment may be applied
more than once in the life of a propagating crack and yield significant life extension
following each application. Subsequent electrochemical treatments can be applied as a
regular maintenance practice that can be designed to extend fatigue crack propagation life
indefinitely.
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Figure 53 demonstrates the history of the fatigue crack growth in specimen H.
The cycling of that specimen started at AK = 11 ksiVin which was lower than that of the
previously described specimens. That resulted in a longer fatigue life (1,165,000 cycles).
Crack propagation was measured using the CMOD method described in Section 3.1.
From Figure 53 it can be noted that the fatigue crack was continuously growing before
treatment.
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Figure 53. Fatigue crack propagation in specimen H before and after electrochemical
treatment. AK units - ksiVin. Dashed lines represent projected behavior of the fatigue
crack without electrochemical treatment.

As observed in other cases the projection of the crack propagation based on the
Paris Law was very close to the actual data points before treatment. The crack
propagation rate before treatment was well characterized by the Paris Law.
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Electrochemical treatment was applied after the 1,040,000th cycle when AK was equal to
24.5 ksiVin. According to the Paris Law (if not arrested) the crack would have been
projected to achieve 1.75 inches in length within 30,000 cycles. Instead the treatment
only permitted a crack of 1.65 inches to be achieved by that point. According to the Paris
Law projection shown in Figure 53 the failure of the specimen would be projected to
occur 55,000 cycles earlier than the actual failure. The lower crack growth rate (da/dN)
shortly after treatment resulted in an additional 25,000 cycles of fatigue life extension
which followed 30,000 cycles of crack arrest. It was clearly observed that
electrochemical treatment arrested fatigue crack propagation for 30,000 cycles and
extended the fatigue life of specimen H for additional 25,000 cycles for a total apparent
benefit of 55,000 added cycles. After the arrest period the crack resumed its propagation
at an average rate of 2.2x10‘6 inches/cycle. It was notable that shortly after re-initiation
the crack growth rate (da/dN) was lower than the value predicted by the Paris Law (6xl06
inches/cycle). Slower crack propagation after treatment may have been caused by the
changed geometry of the crack and could possibly be characterized more accurately by a
crack initiation model rather than the crack propagation model (the Paris Law). Slower
crack propagation appeared to provide the 25,000 additional cycles noted here after crack
arrest period of 30,000 cycles. Slower crack propagation (following treatment) was also
noted in one other specimen (D). It was not noticed in other specimens. This type of
observation was not possible in the other specimens because the observation frequency in
these earlier cases was too low to capture this type of detail. The possibility of slowed
crack propagation due to treatment requires additional exploration and analysis.
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Based on the crack propagation data discussed in the preceding paragraphs it
appears that the propagation of cracks before treatment was well characterized by the
Paris Law. The behavior of the cracks after treatment was characterized by a period of
apparent arrest and resumption of the propagation. In the two cases where it could be
observed, the rate of crack propagation after treatment appeared to be converging back to
the Paris Law approximation.
During this study the fatigue crack arrest period varied from 2,000 to 30,000
cycles and two data points of fatigue life extension were 10,200 cycles and 55,000 cycles.
All the specimens were fatigue cycled with a sinusoidal wavelength at a frequency of
5Hz. The stress ratio was different for each specimen within a range of 0.26 - 0.66. The
crack length to specimen width ratio (a/W) varied from 0.35 to 0.8. According to the
literature the actual number of service load cycles in a typical gas pressure vessel is
around 700-1,000 cycles per year, while the number of load cycles in a typical oil
pipeline varies between 103 and 106cycles [13,23]. Thus the periods of crack arrest and
fatigue life extension observed in the current study may be translated into approximately
0.6-15 years of a typical oil pipeline operation or 2.4-66 years of a typical gas pressure
vessel operation [13,23].
In the literature, other studies conducted on fatigue crack treatment techniques
based on infiltration of cracks with epoxy resin researchers observed propagation life
extension in the range of 2,900-12,600 cycles [125,183]. Song et al. achieved fatigue
crack life extensions of up to 300,000 cycles by employing pressurized nitrogen for
introducing alumina and silicon carbide reinforced epoxy resin into fatigue cracks in
5083-0 aluminum alloy and A ISI4130 stainless steel specimens [125]. The study found
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that the hardness of infiltrated materials was proportional to the fatigue retardation effect.
Results obtained by Shin and Hsu on fatigue crack life extension using alumina
reinforced epoxy resin contradicted with the results obtained by Song et al. [183]. In their
study alumina reinforced epoxy brought smaller fatigue crack life extension compared to
that of a regular epoxy resin. The current approach provided a life extension benefit of up
to 55,000 cycles as compared to the best case in the literature of 300,000 cycles. The
current approach appears to provide benefits that are within an order of magnitude of the
best reported achievement but produces these results using an approach that can be field
applied more easily since no gas pressure would be required and the cracks do not need to
be free of moisture.

4.2 Re-initiation of Treated Fatigue Cracks
Figure 54 contains a bar-chart showing the average number of cycles that were
required to initiate a fatigue crack from a V-shaped starter notch as compared to re
initiating fatigue crack propagation after an electrochemical treatment.
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Figure 54. The average number of cycles required to initiate a fatigue crack from a Vnotch as compared to re-initiating a fatigue crack after electrochemical treatment
(Average of 3 data points for the notch case and 4 data points for the treated crack case.
All data points were recorded at an average AK = 26 ksiVin ±4 ksiVin).

From Figure 54 it was observed that on average 13 thousand cycles were required
to initiate a fatigue crack (>2 mm long) from a starter notch and 30 thousand cycles were
required to re-initiate a fatigue crack after electrochemical treatment at an average of AK
= 26 ksiVin ±4 ksiVin. These observations tend to indicate that treated fatigue cracks
may seem to behave as if they were untreated notches. In general, crack initiation in
notches is well characterized using a strain life analysis as described in Section 2.1.3. The
following section explores the viability of using a strain life approach in characterizing
the fatigue behavior observed in Figure 54.
Based on an elastic-plastic strain-life analysis using a combination of Eqs. (1), (6)
and (7) the calculation of crack initiation life from the ASTM E399 compact tension Vshaped notch used in this study was performed. Fatigue properties of ASTM A36 steel
were found in the literature [41]. These values are shown in Table 2 (see Section 2.1.3).
The values of the remote elastic strain amplitude were obtained from a finite element
analysis described later in this chapter. The steps of the strain life analysis for crack
initiation within the notch of the specimen are listed below:
1.

Determ ination o f the remote stress range { A S = S max-Smm) from the FEA (Section 4.5).

2.

Estimation o f the local stress at the notch root using Eq.
factor

(K,) was

(8). The

stress concentration

also obtained from the FEA (Section 4.5). The fatigue strength coefficien t

(K ’) and the fatigue strain hardening exponent (n ’) were obtained from the literature (see
Table 2 in Section 2 .1 .3 ) [41],

(As/2).

3.

Solving Eq. (7 ) for the local strain amplitude

4.

C alculating the number o f reversals to failure (2Nj) using the M orrow’s m odel (Eq. (1)),
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An example calculation of 2Nf for specimen E is shown below.
Example of 2Nf calculation for specimen E with a V-shaped starter notch.
1. The maximum and the minimum load (Pmax, Pmin) applied during cycling were
6.72 kips and 3.45 kips respectively. The remote stress range (AS = Smax'Smm) was
obtained from the FEA:
AS = 13.59 ksi - 6.98 ksi = 6.61 ksi
2. The local stress at the notch root was calculated using Eq. (8) by iteration. The
value of Kt = 0max/(fnom was found to be equal to 15.8 (from the FEA). The fatigue
properties of ASTM A3 6 steel were found in the literature and are shown in Table
2 in Section 2.1.3 [41]. All known values were inserted in Eq. (8) and it was
solved for Ao:

( 2 / 0 1/*'
Inserting known and obtained values yields the following:

Act =

27500 ksi

(15.8 x 6.6121 ksi)2
27500 ksi

(Act)
2 (2 x 159

\
Act = 66 ksi
The mean stress is equal to a half of the true stress range:

X! 2

0 .2 4 9 + 1
0 .2 4 9
k s i ) 1 / 0 .2 4 9

I

3. The local strain amplitude (As/2) was calculated by inserting all known values
into the cyclic stress-strain curve Eq. (7):
As

Act

/A c t\1/ti;

T ” 2E + V2K7
Inserting known values of E, K ’ and n ’ and the value of Act obtained in step 2
yields the following:
Af
2

66 ksi

/

66 ksi

\ 1/0249

ksi/
2 x 27500 ksi;i ^ \2 x 159 ksi>

= 0.003

4. The number of reversals to failure (27V/) was calculated by iteration using Eq. (1):
Af

Cff ~ Gyti /

\b

y =-V^(2N/)

, /

\c

+

Inserting known and obtained values to the Morrow’s strain life expression (Eq.
(1)) yields the following:

°-°03 =

147 ksi —33 ksi ,
27500 ksi

. - 0.132

✓ . - 0.451
+ 0 2 7 1 (2 * ,)

2A// = 3,801 reversals
The results of the crack initiation analysis are shown in Figure 55.
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Figure 55. Comparison between the predicted and the actual numbers of reversals to
failure (crack initiation) of ASTM E399 CT V-shaped starter notches. The prediction was
achieved using a strain life analysis involving Eqs. (1, 7, 8). An example calculation is
shown in current section.

From Figure 55 it was observed that the fatigue live prediction based on the true
elastic-plastic strain analysis provided a reasonable approximation when taking into
account the typically large scatter (up to a factor of ±20 on life) that is generally
associated with fatigue data [178,179]. Most of the predicted fatigue life values were a
factor of approximately 5-6 times less than the actual test results; the maximum
difference was of a factor of 10.5. The correlation between the predicted and the actual
fatigue life data in a log-log plot is shown in Figure 56.
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Figure 56. The relationship between the predicted and the actual values of reversals to
failure (crack initiation) of starter V-shaped notches. Note that two of the five data points
in this figure are obscured from view due to their close proximity to other data.

The coefficient of determination (R2) of 0.96 for the 5 data points indicates a 95%
confidence in the reproducibility of these results [184]. As noted earlier, the prediction
correlates well while it under-predicts the true crack initiation life of the notch by
approximately a factor of five - six on life.
As discussed in the beginning of this section it was observed that the treated
fatigue cracks were similar to the ASTM E399 CT V-shaped notches in terms of the
number of cycles required for fatigue (re-) initiation (see Figure 54). The fatigue live
prediction based on the true elastic-plastic strain analysis was also performed for the
treated fatigue cracks. In this analysis the limiting assumption was that the fatigue cracks
appeared to behave like V-shaped notches after treatment. All treated cracks were
assumed to be packed with nickel over 10% of their lengths. The steps of this analysis
were similar to that of the notch case. An example calculation is presented below.
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Example of 2Nrcalculation for specimen E with electrochemically treated fatigue crack.
1. The maximum and the minimum load (Pmax, Pmw) applied during cycling were
6.72 kips and 3.45 kips respectively. The remote stress range (AS

Smax~Smin) was

obtained from the FEA of a treated crack (Section 4.5). The crack packing
percentage was assumed to be 10%,
AS = 38.07 ksi - 19.55 ksi = 18.52 ksi
2. The local stress at the virtual notch root (this was actually a treated crack tip that
was presumably behaving as if it were a notch) was calculated using Eq. (8) by
iteration. The value of Kt = Omax/cfnom used for calculation was 15.8 as for the notch
case since the fatigue crack was assumed to appear like a notch after treatment.
The fatigue properties of ASTM A36 (shown in Table 2) were used here again
(even though Nickel properties may have provided some influence). All known
values were inserted in Eq. (8) and it was solved for Aa by iteration:

(2 R 'y /n '

Inserting known and obtained values yields the following:

(15.8 x 18.52 ksi)2
Aa = < 27500 ksi
27500 ksi

(Ad)

0 .2 4 9 + 1
0 .2 4 9

(2 x 159 ksi)1/0-249 I

Ac = 107.03 ksi
Mean stress is equal to a half of the true stress range:

3. The local strain amplitude (As/2) was calculated by inserting all known values
into Eq. (7):

Ae
2

Aa
2E

/A a \ 1/n'

Aw)
\2 K'J

Inserting known values of E , K ’ and n ’ and the value of A a obtained in step 2
yields the following:
Ae

107.03 ksi

/ 107.03 ksi y 1/0'249 _

~2 ~ 2 x 27500 ksi + V2 x 159 ksiJ

“ ° ‘° 146

4. The number of reversals to failure (2N/) was calculated by iteration using Eq. (1):
Ae ajr crm
— = — - — ({ ti nNf f) f + EX2Nr )‘

Inserting known and obtained values into Morrow’s strain life equation (Eq. (1)):
147 ksi —53.58 ksi ,
° '0146 =
27500 ksi
W

x-o.i32

/
+ °271^

%-o.45i

2Nf = 819 reversals
The relationship between the predicted and the actual data is shown in Figure 57.
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Figure 57. The relationship between the predicted and the actual values of reversals to
failure (crack initiation) of electrochemically treated fatigue cracks. The prediction is
based on a strain life analysis.

From Figure 57 it can be observed that the true elastic-plastic strain-life analysis
did not provide a good approximation for the case of the treated fatigue crack. The actual
number was under-predicted by factors ranging from 36 to 224. On average the under
prediction was by a factor of 130. The large difference between the values of the
predicted and the actual fatigue lives may be influenced by the changed material
properties of the electrochemically treated cracks (fatigue cracks were packed with
nickel), variation of the nickel deposit quality and thickness, and its distribution inside
the cracks. A more accurate strain-life fatigue modeling approach requires a number of
empirical constants for nickel that were not available for this study or found in the
literature. Closer agreement between the observed and the predicted fatigue crack
initiation life in electrochemically treated specimens may be possible using the strain-life
fatigue properties of nickel. In future work it is also conceivable that a model of the
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nickel distribution inside treated fatigue cracks may be developed in order to obtain more
accurate strain values from a finite element analysis. Based on the observations described
above it appears that the conventional elastic-plastic strain life analysis may not be
suitable for achieving a reasonable re-initiation life of electrochemically treated fatigue
cracks without better understanding of the deposited nickel distribution and its strain life
fatigue properties. In the next Section another approach for predicting post-treatment
fatigue based on a crack propagation approach is explored.
A relationship between the period of crack arrest and the stress intensity factor
range (AK) applied during post-treatment cycling was observed (see Figures 58 and 59).
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Figure 58. Relationship between fatigue crack arrest life (number of cycles to re-initiate a
fatigue crack after treatment) and stress intensity factor range (AK) applied during post
treatment cycling.
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Figure 59. Log-log plot of the relationship between fatigue crack arrest life (number of
cycles to re-initiate a fatigue crack after treatment) and theoretical stress intensity factor
range (AK) applied during post-treatment cycling.

From Figure 58 it can be observed that the fatigue crack arrest time varied from
2,000 to 30,000 cycles. Electrochemical treatment conditions and procedures were the
same for all treated specimens and thus it can be noted that there is a correlation between
the fatigue crack arrest period and the stress intensity factor range (AK) applied for post
treatment cycling. Figure 58 can be used to predict the effect of electrochemical treatment
in terms of number of cycles for fatigue crack to re-initiate. The coefficient of
determination (R2) was equal to 84% leading to the correlation coefficient equal to
91.6%. This corresponds to a 99% confidence level for the reproducibility of the findings.
This can be interpreted as good data correlation taking into account the typically large
scatter of fatigue data [178,179]. The power law relationship presented above exhibits
good correlation but it assumes the presence of an “infinitely sharp crack” that is
unaltered. An adjusted version of AK that takes into account crack length and local stress
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reductions due to electrochemical treatment is described in Section 4.5. This modified
model also incorporates observations from the treated crack microscopy that is presented
in the Section 4.3.

4.3 Microscopic Analysis
Optical microscopy allowed determination of the dimensions of starter notches
and fatigue cracks. Figure 60 shows an optical microscope image of a starter notch in an
ASTM E399 specimen machined for this study.

R a d iu s: 0.11 m m

Figure 60. Starter notch radius of an ASTM E399 compact-tension specimen.

From Figure 60 the radius of a starter notch established within an ASTM E399
CT specimen used in this study was determined. It was 0.11 mm or 0.0043 inches. In
general, the smaller the notch radius the shorter the crack initiation life is. The notch
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radius has been found to be a primary influence on such factors as stress concentration,
stress intensity, and the fracture toughness of a component [185,186]. According to Eq.
(3) (see Section 2.1.3) the stress concentration factor of a typical starter notch used in this
study was equal to approximately 16.
Scanning electron microscopy (SEM) was employed to capture an image of the
tip of an electrochemically treated fatigue crack as shown in Figure 61. This specimen
was cut from a treated ASTM E399 Compact Tension specimen (as shown in Figure 36),
mounted in epoxy and polished prior to imaging. The specimen preparation procedure is
described in detail in Section 3.4.

Figure 61. SEM image of the fatigue crack tip (Specimen G) following nickel plating
treatment.

From Figure 61 it was observed that a fatigue crack tip consisted of two small
notches with 2.7 pm and 5.4 pm radii located at 42° and 45° angles from the fatigue
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crack. Similar images of fatigue crack tips can be observed in the literature [187-190].
According to Laird these notches may account for the orientation concentration of slip
zones and the formation of striations associated with crack propagation [66]. The plasticblunting mechanism of crack extension proposed by Laird is shown in Figure 11 in
Section 2.1.6. The radius of the fatigue crack tip determined from Figure 61 can be used
to calculate the stress concentration factor (Ktg). Using Eq. (3) K,g was found to be equal
to 135.
Another treated fatigue crack was examined with an optical microscope in order
to determine nickel deposit distribution as described in Section 3.5. Figure 62 contains an
optical microscope image of an electrochemically treated fatigue crack. The specimen
was imaged under a static load of 6 kip immediately after electrochemical treatment
without polishing or any other preparation procedures. A relatively bright layer was
observed along the left face of the crack. It was not evenly distributed and its thickness
varied along the crack length. Bright particles were also observed inside the crack. In
addition, a few bright areas were also present on the right side of the crack. The following
Section examines how these bright areas compare to theoretical expectations for nickel
deposition.
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Figure 62. Optical microscope image o f electrochemically treated fatigue crack.

As noted, the bright layer along the left side of the crack appeared to be nickel
that was deposited into the crack during electrochemical treatment. According to
Faraday’s Law (Eq. (22)) the thickness of the nickel deposit formed during
electrochemical treatment was expected to be 0.18 mm. By comparison, the apparent
deposit shown along the left side of the fatigue crack ranged from 0.12 to 0.25 mm. From
these observations it appeared that the bright layer along the left side of the crack was
nickel since it tended to approximately correlate with the theoretical thickness of nickel
that can be electroplated under conditions applied in this study.
Figure 63 shows an optical image of a portion of a fatigue crack that was
subjected to treatment. As noted in an earlier example the treatment did not appear to
exhibit a uniform morphology along the length of the crack. Constituents inside the crack
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formed a clump with an arc-shaped edge (See Figure 64). The thickness of this formation
(0.23 mm) was similar to that of the bright layer observed in Figure 58 (0.12 - 0.25 mm).
Beyond this location, the crack did not appear to be completely packed with nickel. These
observations indicated that electrochemical treatment could possibly cause wedging
ahead of a fatigue crack tip as opposed to, or in addition to, completely packing it with
new material.

Figure 63. Optical microscope image of a portion of a fatigue crack packed with plating
bath constituents (presumably with nickel).

The crack packing formation presented in Figure 63 has an arc-shaped top side
that creates two small notches one at each crack surface boundary as shown in Figure 64.
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Figure 64. Magnified optical microscope image extracted from Figure 63. This image
shows deposit formation within the crack, the arc of the deposit and the radii at each
crack surface.

The stress concentration factors of these notches can be estimated with Eq. (3) by
taking into account that the length of the crack before treatment was 1.76 inches and it
was reduced to 1.55 inches by 12% crack packing with nickel. The stress concentration
factors (Kig) of these notches are 47 (right notch) and 53 (left notch). The finite element
solution which is presented further in this chapter resulted in Klg - 8 for a 1.4 inch long
crack with a nickel wedge located 5 mm away from the crack tip. This observation
suggests that packing a fatigue crack with nickel may result in a significant reduction of
the stress concentration factor, particularly from 135 to around 50 in one of the
specimens used in this study. Reduction of the stress concentration factor provides a more
even distribution of stresses and a potentially longer fatigue life. This may be one of the
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factors leading to the phenomenon of longer crack re-initiation in electrochemically
treated fatigue cracks as compared to crack initiation in starter notches as shown in
Figure 64.
In addition to optical microscopy, scanning electron microscopy (SEM) was also
employed for imaging electrochemically treated fatigue cracks. Figure 65 shows an SEM
image of a fatigue crack plated with nickel. This image was taken using the specimen
shown in Figure 61,5 mm away from the crack tip. The crack seems to be loaded with
some particles. In a later section energy-dispersive x-ray spectroscopy (EDS) was used to
examine the composition of the crack packing material. During the spectroscopic analysis
nickel was detected. Discussion of other EDS results is presented further in this chapter.

xl200

Figure 65. Scanning electron microscope image of an electrochemically treated fatigue
crack within 5 mm of the crack tip.
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SEM images were used to estimate the efficiency of the electroplating setup used
in this study and to determine the deposit surface profile. The surface roughness and the
distribution of electroplated nickel on a sand-blasted, rectangular, ASTM A3 6 steel
specimen were analyzed. Figure 66 contains an SEM image of the electrolytic nickel
layer removed from a specimen, mounted in epoxy, and polished prior to imaging.

ASTM
A3 6 Steel

ASTM
A3 6 Steel

Deposited
Nickel

Figure 66. SEM image of the electrolytic nickel layer deposited onto an ASTM A36 steel
specimen. Nickel was deposited using Watts’ nickel plating bath for deposition time of 1
hr. The layer was manually removed from the specimen, mounted in epoxy and polished
prior to imaging.

Figure 66 presents a layer of nickel formed by electroplating. Simillar images
were found in the literature [191,192]. The side that was previously attached to steel
specimen appears to be more uniform due to sandblasting of the steel specimen prior to
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electroplating. Black spots as well as asymetric voids inside the nickel layer may be
examples of micro-porosity. Porosity of the electroplated layer of nickel in this study
could have been caused by impurities introduced into the plating bath solution. These
may include chlorides, oxides, sulfur and organic impurities [147,193]. Porosity of
electroplated material has been demonstrated to influence the corrosion resistance and
fatigue life of the deposited layer [194,195]. Pores and voids inside the deposited material
present stress concentrations and may encourage crack initiation. The defects observed on
the right side along the deposit surface, due to their shape, could also lead to crack
initiation, crevice corrosion and corrosion fatigue. It would be anticipated that a relatively
low porosity in the nickel deposit could result in a better outcome for electrochemical
treatment of fatigue cracks in terms of greater fatigue life extension and longer crack
arrest time. Lower porosity should also improve corrosion resistance by lessening the
potential for occluded cells as well as less opportunity for an aggressive environment to
percolate through the network or pores.
In order to obtain the surface profile of the deposited nickel the thickness of the
layer was measured in 52 different locations using SEM images. The results of the
measurements are presented in Figure 67.
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Figure 67. Thickness variation of a nickel layer electrodeposited onto ASTM A36 steel
plate. The distance was measured from the specimen’s edge closest to the top of the
plating bath reservoir.

From Figure 67 it was observed that the thickness of the nickel layer varied from
44 pm to 208 pm. The mean thickness of the nickel layer was 153 pm. The standard
deviation was 54 pm. The roughness of the profile (Ra) was calculated using Eq. (23) (see
Section 2.2.3) and was equal to -49 pm.
Faraday’s Law of Electrolysis presented by Eq. (22) (see Section 2.2.3) was used
for calculation of the theoretical thickness of a nickel layer that could be electrodeposited
under the conditions used in this study (see Section 3.2). The dimensions of the substrate
(ASTM A36 steel rectangular specimen) were 0.7 inches (1.78 cm) wide and 0.75 inches
(1.91 cm) long. The weight of the deposited nickel layer in this study was found to be
equal to 1.09 gram. It was divided over the substrate’s surface area (A) subjected to
electrodeposition (A = 2 x 1.78 cm x 1.91 cm = 6.77 cm2), and over the nickel density
(8.9 gram/cm3). These calculations resulted in an estimated nickel layer thickness equal
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t o -180 pm. This profile is plotted in Figure 67 as a dashed line with circular markers.
The efficiency of the plating setup (%F) was estimated as a ratio between the mean
thickness of the deposit obtained from the experimental results and the theoretical value
estimated by Faraday’s Law. %F in this case was equal to 85%. The layer of the
deposited nickel whose profile is shown in Figure 67 was extracted from a comer region
that was bordered by two edges. The literature generally contends that such edges are
expected to have relatively thicker deposits than interior regions [147,158,196]. The
present profile appears to contradict this tendency but this difference could possibly stem
from the irregular electrode configuration used in this particular experiment.
Because of the nature of electroplating in general, obtaining a highly uniform
distribution for a deposit may be difficult in practice. The uniformity of a deposit depends
on the uniformity of the current distribution over the surface [158]. Current distribution
usually depends on the shape and roughness of the surface of the substrate and its relative
position with respect to the anode [196]. Edges and recesses on a surface often attract
more current and this consequently results in thicker deposits at these locations [197].
For some applications of steel structures surface roughness is of high importance,
for example for considering the friction of sliding components or for management of
hydrodynamic drag. In this particular study, the surface roughness is of interest due to its
effect on fatigue life [153-157,198-200], One of the factors affecting the degree of fatigue
life extension is the quality and uniformity of plated metal deposits. During the
experimental procedures it was observed that the electroplating process often resulted in a
build-up of nickel “clumps” around the edges of the specimens which could conceivably
hinder the flow of metal ions into the crack.
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Improved nickel deposit quality can be achieved by the application of sulfamate
nickel plating bath solutions which were recently shown to be effective for engineering
applications providing great wear and corrosion protection [201,202]. The surface
roughness, the micro-porosity and the distribution of the nickel deposit may also be
improved by employement of electroless nickel plating as was previously demonstrated
in several studies [194,195,203,204]. This process achieves deposits through a dipping
methodology. This may be difficult to apply deep within cracks and in areas where
organic liquids need to be cleansed from the surface prior to plating.

4.4 Spectroscopic Analysis
Energy-dispersive X-ray spectroscopy (EDS) was employed for elemental
analysis and chemical characterization of treated specimens. An SEM image of the
surface of an electrochemically treated fatigue crack is shown in Figure 68. Table 8
contains elemental content data acquired from this specimen surface.
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Figure 68. SEM image of electrochemically treated specimen fracture surface. The border
between light and dark areas marks the tip of the fatigue crack.

Table 8. Elemental content (weight %) of electrochemically treated specimen
Chemical element
Iron (Fe)
Nickel (Ni)
Sulfur (S)

Area A
92.7
5.5
-

Area B
91.2
7.6
1.1

Area C
81.1
15.4
3.5

The surface of the specimen was not polished prior to imaging in order to
preserve the original element content. Dark areas appear to represent the extent of the
Watts’ plating bath solution penetration into the treated the crack. The element content
was measured at three locations in the vicinity of this boundary as marked on Figure 68.
Location C was the most remote from the apparent crack tip within the platting bath zone.
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Location B was on the apparent borderline of the plating bath treatment, and location A
was -250 pm away from the borderline in the apparently untreated region, B.
It was observed that the nickel and sulfur weight percentages declined from high
values in the treated zone (within the crack) to lower values in the untreated zone in the
direction of crack propagation. Sulfur was present in the Watt’s plating bath solution and
its limited presence on this surface appeared to indicate that the plating bath reached
areas B and C. It was somewhat unexpected to find the presence of nickel in area A
where the plating bath residue was not observed. It is conceivable that diffusion of nickel
from area B could have permitted this transport into the area that was outside of the
apparent platting bath zone.
Diffusion of nickel into the adjacent steel and diffusion of iron into the nickel
deposit would be expected over time since nickel and iron are well known and
established in various metal alloys. It is conceivable that mutual diffusion of these species
could be beneficial. Galvanic corrosion induced by these metals is a concern for long
term durability. The mutual diffusion indicated by these EDS results could eventually
reduce the galvanic potential difference exhibited by these two metals which would tend
to reduce the rate of corrosion over time. Based on these observations it appears that the
treatment process would yield a galvanic corrosion potential that is lower than what may
be anticipated by comparison of the two metals in a galvanic series table or in a simple
galvanic corrosion measurement.
These observations raise some interesting durability considerations. The diffusion
process mentioned earlier would not tend to reduce the compressive stress induced by the
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initial nickel deposit. This bodes well for the long term performance of a treatment. This
means that after treatment the crack closure would tend to continue providing a
compressive stress that would be expected to limit the amount of water that could access
the interface between the two metals in the vicinity of the crack tip. This also would tend
to support effective long term performance of a given treatment.
In Figure 68 It was somewhat difficult to determine the location of the crack tip.
For this reason an EDS analysis of a specimen containing an electrochemically treated
fatigue crack with a clear location of the tip was also performed. An optical image of the
specimen is shown in Figure 69. In the case the specimen was not broken to reveal the
crack surface. The elemental content was measured at three locations (outside of the
crack, inside the crack and inside the crack tip). Those locations are identified by black
round markers placed in Figure 69.

Outside Crack
7 mm

Inside Crack

5 mm
Inside Crack Tip
Crack tip

Figure 69. ASTM A3 6 steel specimen with an electrochemically treated fatigue crack
viewed from the side. In this view the crack appears to be propagating down the page.
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The presence of nickel was detected inside the crack, 5 mm away from the crack
tip. Nickel was not detected outside the crack and just inside the crack tip. It is
conceivable that the absence of nickel inside the crack tip may have been caused by some
level of crack closure that could have occurred during electroplating since the crack was
not fully opened during the treatment. This possibility is unlikely since the AA^-in this
case would have to be very small for crack closure to play a role in effecting transport to
the crack tip. It is also possible that small air bubbles in the crack could have inhibited
penetration of the plating bath solution prior to treatment. Another consideration is that
the roughness of the crack could have provided a nonuniform electric field which could
also cause the nickel distribution to be nonuniform.
Although the EDS was effective in confirming the deposition of nickel on crack
surfaces it should be noted that the element content analysis had limitations in terms of
the depth of the measurement. It provided measurement of the surface content (1-2 pm
deep). Even though the specimens were relatively flat, the weight percentages obtained
for the elements detected did not present highly accurate values that would be anticipated
from polished surfaces. Thus the EDS can be considered somewhat qualitative in nature.

4.5 Finite Element Analysis
Finite element analysis was performed to serve as a comparison to the
experimental and analytical results. In particular the analysis also examined the relative
impact of filling the tip of the crack fully as opposed to creating a wedge just ahead of the
crack since the microscopy showed both possibilities exist along a given crack. The FEA
results were used earlier in this study for the analysis and modeling of crack re-initiation.
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Initially the ASTM E399 CT- specimen with a fatigue notch subjected to a static
load of 6 kips was modeled and analyzed. Figure 70 shows the normal stress distribution
along X axis (ax) of the CT specimen.

N orm al Stress
Type: N orm al SressQC A
U n it MPa
Global Coordinate Svste

Unit: MPa
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Figure 70. Normal stress distribution along X-axis (ox) in the ASTM E399 CT specimen
with a V-shaped starter notch subjected to a static load of 6 kips. The maximum stress
zone (red color) is very small and appears at the root of the notch.

From Figure 70 it was observed that the maximum stress (amax) was 1320 MPa
(192 ksi) and it was located at the tip of the fatigue starter notch. The nominal stress
(onom) located away from the notch tip was equal to 84 MPa (12 ksi).
The stress concentration factor (Ktg = amw/(ynom) was determined to be equal to
15.8. The theoretical value of Ktgcalculated using Eq. (3) was 16. This suggests that a
good correlation between the FEA model and analytical calculations was achieved.
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A model of the CT specimen with a fatigue crack of 1.4 inches in length was
studied using a dynamic transient analysis technique as described in Section 3.8. The
analysis involved 3 time steps. At time step 1 the specimen was subjected to a static load
of 6 kips. At step 2 nickel deposition was simulated by insertion of a nickel layer with
length of 10%, 50% and 100% of the fatigue crack length as shown in Figure 71. At step
3 the static load was released. Figure 72 shows the normal stress distribution along the Xaxis (Ox) at each of the 3 steps of the analysis.

100% packing

Notch root
0.7 inches

50% packing

10% packing

Crack tip
Figure 71. Crack packing schematic. The FEA analysis was conducted for 3 levels of
crack packing, 10, 50, and 100% of the crack length.
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Figure 72. Normal stress distribution along X-axis (ox) in ASTM E399 compact tension
(CT) specimen with a fatigue crack packed with a nickel layer extending 10% of the
crack length, starting at the tip. Each image represents one step of the finite element
analysis.

At step 1 the maximum normal stress along the X-axis was observed at the crack
tip and was equal to 1630 MPa (237 ksi). The nominal stress was 10.3 MPa (1.5 ksi).
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The ratio of the local stress maximum to the remote (nominal) stress in this case
was found to be K,g = 158. By comparison, the A)g value of a typical fatigue crack (shown
in the SEM image of Figure 61) was equal to 135 according to Eq. (3). The fatigue crack
modeled in the FEA was 0.66 inches shorter than the fatigue crack shown in Figure 61,
thus a lower

value was expected to result from the finite element analysis. A higher

Ktg value obtained from the FEA may be caused by the fact that the finite element
analysis assumed a sharp crack and provided a purely elastic solution that ignored the
stress reduction associated with crack tip radius affected by plasticity. Modeling a radius
similar to that shown in Figure 61 could possibly bring these two Klg values closer in
value. As expected, no change of stress values or distribution was observed after insertion
of the nickel layer at step 2. At step 3 the static load was released and the stress
distribution changed. The maximum stress was now observed just beyond the crack tip
and was equal to 1130 MPa (164 ksi). The minimum stress was located at the packed
crack tip and extending along the nickel layer. This stress was equal to -1110 MPa (-161
ksi). It makes sense from an equilibrium standpoint that compressive stresses forming
within the packed crack would be balanced by tensile stresses just beyond the tip of the
crack. The stress at the top of the nickel layer (new fatigue crack tip) was equal to -860
MPa (-124 ksi) and was under compression. The fatigue crack became packed with nickel
and was under compression. Fatigue cracks are assumed not to grow under compression
and thus crack packing and formation of compressive stresses at the crack tip would tend
to result in fatigue crack arrest as observed during the experiments (Figures 50-53).
Another effect of the introduction of foreign objects onto fatigue crack surfaces is
the potential for crack closure which was described in Section 2.1.10. Crack closure was
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found to be responsible for crack growth retardation in numerous studies [93-95,102,
110,112-114,122,124]. The majority of those studies were performed under plane stress
conditions which would permit significant amounts of plasticity. Under these conditions,
the crack closure phenomenon could play a significant role in fatigue crack growth
retardation observed in those studies. This study was performed under plane strain
conditions as dictated by the ASTM E399 Standard. Plasticity induced crack closure
under plane strain conditions has generally been found to be insignificant so it is unlikely
that it was responsible for the fatigue crack arrest behavior observed in this study
[121,205],
The effect of the crack packing percentage was studied via the FEA with three
different nickel layer models. Each model varied only by length along the crack. The
lengths were as follows: 0.7 inch (100% packing of the crack length), 0.35 inch (50%
packing of the crack length), and 0.07 inch (10% packing of the crack length). Each of
these lengths was measured from the crack tip as shown in Figure 71. The results of this
analysis are shown in Table 9.

Table 9. FEA model results for the maximum and minimum normal stresses developed
along the X-axis of the crack in the ASTM E399 compact-tension specimen with a 0.7
inch long fatigue crack (measured from the notch root as shown in Figure 71). This
model simulates uniform packing of a fatigue crack during electrochemical treatment by
insertion of a layer of nickel.
Crack
Packing
100%
50%
10%

Max ax (MPa)
Step 1
1633
1633
1633

Max ax (MPa)
Step 2
1633
1633
1633

Max ax (MPa)
Step 3
1578
1330
1132

Min ax (MPa)
Step 3
-516
-840
-1110
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From the FEA it was observed that the highest tensile stress at step 1 and 2
remained the same and was located at the tip of the fatigue crack. At step 3 the static
tensile load was released and the distribution of stresses changed. The maximum tensile
stress was now located just beyond the old crack tip and a compressive stress developed
in the vicinity of the “new” crack tip (top edge of the deposit) as shown in Figure 72. In
comparing the three cases of crack packing (10%, 50% and 100%) it was observed that
packing 10% of the fatigue crack resulted in the highest compressive stress in the vicinity
of the new crack tip and the lowest tensile stress was developed just behind the initial
crack tip.
The relatively high compressive stress in the 10% packing case can be explained
by the load being distributed over a small area of nickel. The compressive stress at the
crack tip in the case of 100% crack packing was the lowest result. This makes sense
because the closure load was distributed over the largest area of nickel under
consideration. In the 5th column of Table 9 the compressive stress drops from 516 MPa
down to 1100 MPa while the percent of crack being packed decreases from 100% to
10%. This trend suggests that a higher percentage of crack packing would be expected to
result in a lower compressive stress along the crack face. A higher percentage of crack
packing would tend to reduce the stress intensity and the stress concentration factor at the
crack tip and thus increasing the fatigue crack re-initiation life, assuming it re-initiates at
the new crack tip. A similar conclusion was stated by Shin and Cai who developed a
model for evaluation of fatigue crack repair by an epoxy infiltration method [127].
In order for the packed crack to resume its propagation an external tensile stress,
at above the magnitude of the compressive stress developed due to crack packing, had to
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be applied. In the case of 100% crack packing the fatigue crack would essentially
disappear, leaving only a notch with a stress concentration factor significantly lower than
that of the original fatigue crack. Under these circumstances a relatively large number of
cycles would be needed to re-initiate the fatigue crack from this notch.
On the other hand, a lower percentage of crack packing would be expected to
result in higher compressive stress in the vicinity of the new crack tip due to the load
being distributed over smaller area of the packing material. One limitation in this case is
the compressive strength of the packing material. At a certain compressive stress the
packing material may exhibit yielding, at least in locations that are not directly adjacent
to either the old or the new crack tip. This yielded material will tend to be plastically
flattened since dislocation motion would not be constrained in these areas. In such cases
the crack arrest or the growth retardation may be limited by this plasticity and would tend
to reduce compressive stresses. The relationship between the percentage of crack packing
and the compressive stress at the crack tip obtained with FEA is shown in Figure 73.
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Figure 73. The relationship between the percentage of crack packing and the compressive
stress developed at the new crack tip. This data was obtained from Table 9.
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As observed previously a higher percentage of crack packing resulted in lower
compressive stress developed at the new crack tip. It was also discussed in the preceding
paragraph that the maximum compressive stress along the crack surfaces is limited by the
value of the compressive strength of the deposit. In the literature the compressive strength
of electrolytic nickel was found to be equal to 935 MPa [206]. It was plotted in Figure 73
as a red square point. From Figure 73 it was observed that increasingly positive results
from crack packing with nickel can be expected if 36% or more of the crack volume is
filled since this is the point where the yield stress of the nickel layer is no longer being
exceeded.
The feasibility of applying this method to fatigue management will depend on
treatment processing speed. The speed of nickel deposition using the Watts’ nickel
plating bath (with a current density of 0.15 A/cm3) using the Faraday’s Law (Eq. (22))
was found to be equal to approximately 123 mm3/hr. The typical volume of an average
fatigue crack grown during this study was calculated using Eq. (28):
V = A xB = ~B

Eq. (28)

where A is the side area of the crack, B is the thickness of the specimen, a is the length of
the fatigue crack, b is the “base” of the crack as shown in Figure 74.
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Fatigue crack

Figure 74. Fatigue crack volume.

The typical volume of an average fatigue crack grown during this study was
found to be 610 mm3. This suggests that about five hours (610 mm3/ 123 mm3/hr ~ 5 hrs)
would be required to completely pack that fatigue crack with nickel. In this study fatigue
crack packing varied between 11% and 22.5% and was achieved in one hour.
In order to characterize the relationship between the percentage of crack packing
and the period of crack re-initiation after treatment the stress intensity factor formula (Eq.
(11)) was modified to account for the crack length reduction due to crack packing. The
modified formula is represented by Eqs. (29-31):
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Km.x - Kml„ = AKtr =

(29)

v=16-7(^)°'S404© ‘'5+369-9(w)2'5-573-8(W* +360-5(w)4S<30>
Aa = a(100% —%P) (S.a - Crack length reduction)

(31)

where A/ftr is the stress intensity factor range after crack packing, AK is the stress
intensity factor before packing, % P denotes the percentage of crack packing (volume of
the deposited material/volume of the fatigue crack), W is the width of the ASTM E399
CT specimen, B is the thickness of the specimen, Pmax, Pmm are the maximum and the
minimum applied loads, Fis the geometry factor, Aa is the crack length after crack
packing which is calculated here for a rectangular crack profile as opposed to an elliptical
crack profile. It is important to note that this model assumes that the compressive stress
associated with the presence of the nickel layer did not influence the stress experienced
by the crack tip.
Equations (29-31) suggest that 100% crack packing would tend to result in the
stress intensity factor range equal to zero, meaning that a complete crack arrest will
occur. However this condition is unlikely due to the relative non-homogeneity of the
nickel deposit (see Figure 67), the possible plastic deformation of the deposited material,
the presence of stress concentrations at material imperfections, and the notch. All these
sources of stress raisers can cause an arrested crack to re-initiate. Based on these
observations it appears that the context of this approach is confined to a finite extension
of fatigue life as opposed to producing an infinite life.
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Equations (29-31) were used to obtain AKtr values for all treated specimens. The
Paris Law (Eq. (14)) was then solved for dN using these AKtr values, the C and m
coefficients for ASTM A3 6 steel found in the literature and the actual da values obtained
during this study [177,180]. The results of this analysis are shown in Table 10.

Table 10. Results of the treated fatigue crack re-initiation analysis based on the cracklength-adjusted stress intensity factor range, AKtr . A treatment number is listed for
specimens that were treated on several occasions. %P denotes the percentage of crack
packing, dN is the number of cycles for crack initiation.
Specimen
and
treatment #
E-l
D
H
A
E-2
2-1
2-2
2-3

%oP

AK

AK,r

(ksiVin) (ksiVin)

15.2%
17.0%
13.4%
14.0%
13.4%
11.0%
15.6%
22.5%

25.4
43.5
24.5
51.7
28.6
22.5
53.2
63.4

22.3
38.5
21.3
45.1
24.9
19.0
31.8
28.9

Projected dN
based on AK,
cycles
(xlOOO)
12.60
4.80
3.68
6.71
10.70
30.40
0.63
0.39

Projected dN
based on AKtr,
cycles
(xlOOO)
18.0
6.8
5.4
9.8
22.7
48.8
2.7
3.5

Actual
dN,
cycles
(xlOOO)
22
10
61
3
12
43
20
4

Table 10 contains data obtained from eight treatments. The theoretical stress
concentration factor range {AK) varied from 22.5 ksiVin up to 63 ksiVrn. The range of
the percent crack packing was 11% - 22.5%. The projected values of the number of
cycles for crack re-initiation (dN) based on AK varied within 0.39 - 30.4 thousand cycles.
The actual dN values were in the range of 3-61 thousand cycles. The values of the
adjusted stress concentration factor (AATtr) and the number of cycles for crack re
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initiation (dN) based on J\Ktr varied within 19-45.1 ksiVin and 48.8 - 3.5 thousand
cycles respectively.
The average percentage error of the prediction based on AKtr from the actual
values of (dN) was 71%. The prediction based on AKtr was more accurate than the
prediction based on AK for six out of the eight trials considered. This observation
suggests that the model based on AKtr can provide reasonable approximations of crack
re-initiation after treatment if the percentage of crack packing is known. This successful
correlation based on FEA and specimen imaging also indicates that the effective crack
length and the local stresses at the new crack tip could be reduced during an
electrochemical crack packing treatment.
The bar chart shown in Figure 75 presents a comparison between the actual
number of cycles for the re-initiation of treated fatigue cracks with the numbers predicted
by the Paris Law using the values of the stress intensity factor range (AK), and the values
of the modified stress intensity factor range (AK,r) that was accounting for the crack
length change alone. Figure 76 demonstrates the relationship between AK* and the actual
periods of crack re-initiation observed during experiments. Figure 77 shows that
relationship in a log-log plot.
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Figure 75. The fatigue cycles required for re-initiation of treated fatigue cracks.
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Figure 76. The relationship between AKtr and the actual cycles required for crack re
initiation observed during experiments.

0

“I------------------------- 1------------------------- 1------------------------- 1------------------------- 1------------------------- 1

1

1.2

1.4

1.6

1.8

2

Log (AKtr)

Figure 77. Log-log plot of the relationship between AKtr and the actual number of crack
re-initiation cycles observed during experiments.

From Figure 76 it was noticed that the period of crack re-initiation after
electrochemical treatment was longer when a lower AK,r was applied after treatment. AK,r
is a function of the applied load, the specimen geometry and the percentage of crack
packing. The applied load remained the same after treatment, but the length of the fatigue
crack was presumably reduced by the crack packing treatment.
The model assumes that a reduction of the crack length resulted from a treatment
which provided a reduction of the local stress at the crack tip. As shown in Table 10, the
re-initiation life predictions using the Paris law along with the treatment-reduced crack
length assumption agreed well with the experimental results. In addition to this general
agreement the model also supports the explanation that a higher percentage of crack
packing should result in longer fatigue lives. Based on these observations and analyses,
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crack packing appeared to prolonged the fatigue lives of the specimens by reducing the
lengths of the fatigue cracks which in turn would be expected to reduce the local stresses
in the vicinity of the crack tip.
It is notable that the AK,r model did not account for the compressive stress
induced by loading nickel into the crack. Despite this limitation the model tended to
predict the re-initiation life of the cracks. It is conceivable that another assumption of the
model may have offset this potential shortcoming. The model also assumes that the
packing of a crack is thorough and continuous throughout the length of the crack that was
intended to receive treatment. From Figures 62, 63, and 67 it is clear that the packing of
the crack was not continuous along the intended length. In the case of a discrete crack
packing the crack propagation would likely have proceeded faster in areas that did not
contain effective nickel and slower in areas at which nickel was deposited. As a crack
propagated to an area with no nickel, the local stress would be reconfigured and the radii
of the next packing point of nickel (see Figure 78) would essentially force a new series of
re-initiation cycles at that point. It is conceivable that crack propagation through the
treated crack involved a series of crack re-initiations at various points along the treated
crack. Returning now to the model, and the assumption that treatment-induced
compressive stress could be neglected, it appears that the under-prediction provided by
this assumption could have been compensated by the over-prediction stemming from
crack packing that is not truly as continuous as the model also assumes.
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Crack tip

Stress
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Figure 78. Schematic representation of discrete crack packing. Under these conditions
fatigue crack propagation would possibly be arresting and re-initiating several times
along a treated crack.

The parameter, AKtr correlated well with the crack re-initiation life of the treated
cracks in the ASTM A36 steel. This parameter was used along with the electrochemical
plating dosage to provide an estimated reduction in crack length. The crack arrest life was
calculated based on the assumption that crack propagation was still taking place along the
interface between the deposited nickel and the steel crack surface that existed prior to
treatment. The re-initiation life was thus estimated by simply calculating the fatigue crack
propagation life along the interface between the nickel deposit and the walls of the
original crack. The intermittent nature of the nickel deposit did not appear diminish the
accuracy of the model because this discontinuity did not effectively reduce the amount of
material through which the crack had to travel before it arrived at the original crack tip
that existed prior to treatment.
In the first FEM analysis the electrochemical crack treatment was modeled as a
uniform layer of nickel packing a fatigue crack. From microscopic images (see Section
4.3) it was observed that electrodeposited nickel developed nonuniform deposits in
fatigue cracks that appeared as clumps. Taking into account this observation, in the
second FEA, the electrodeposition of nickel was then modeled as an introduction of a
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small nickel clump (see Figure 45) that was wedging the fatigue crack. The normal stress
distribution in a CT specimen along the X-axis (ax) that resulted from the second FEA is
shown in Figure 79. Figure 80 shows the normal stress distribution in the vicinity of the
crack wedge area. The normal stress distribution in the nickel crack wedge is shown in
Figure 81.

Crack wedge

*
X
Figure 79. Normal stress distribution along the X-axis (ax) in ASTM E399 CT specimen
model with a fatigue crack held open by a wedge of nickel at the 3 rd step of the transient
analysis.

Figure 80. Normal stress distribution along X-axis (ax) at the nickel wedge area.
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Figure 81. Normal stress distribution along X-axis (gx) within the nickel wedge.

In a similar manner as in the previous FEA, the impact of the nickel wedge was
modeled using three time steps. The normal stress distribution in this case did not change
at steps one and two (similarly as observed in the first FEA, see Figure 72). The
maximum tensile stress at the crack tip before introduction of the nickel wedge was 1630
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MPa (237 ksi), and the nominal stress was 10.3 MPa (1.5 ksi) resulting in Klg = 158. The
stress distribution at the third step, after the static load was released, is shown in Figure
68. From Figure 68 it was observed that after the nickel wedge was introduced and the
static load was released the maximum normal tensile stress along x-axis was 927 MPa
(135 ksi) located just beyond the crack tip. The maximum compressive stress was -3480
MPa (505 ksi) located in the vicinity o f the crack wedge. The nominal stress was 437
MPa (63.4 ksi). The nickel wedge was in compression. The maximum compressive stress
was developed at the points of contact between the top edge of the nickel wedge and the
fatigue crack surfaces (see Figure 80). These points exhibited stress concentration factors,
Klg of approximately 8 (amax/onom =(505 ksi)/(63.4) ksi). These stress concentration
factors were approximately 6 times lower than those of the notches observed in the
optical image of the treated fatigue crack (see Figure 64).
In the current finite element analysis the stress concentration factor (Ktg) at the
new crack tip (top edge of the nickel wedge) was 8, while the stress concentration at the
crack tip before treatment was 158. Assuming that crack re-initiation will take place at
the new crack tip it could be noted that introduction of nickel wedge reduced the fatigue
inducing stress concentration factor from 158 to 8. A similar reduction of the stress
concentration factor was observed in the first FEA, where electrochemical treatment was
simulated as crack packing with nickel layers occupying 10%, 50% and 100% of the
crack. In that case the Ktg was also reduced from 158 to around 8.
The tensile stress predicted by the FEA was almost four times larger than the
yield strength of ASTM A36 steel reported by the supplier [171]. Under such high tensile
stress plastic deformation of the steel will be possible and crack tip blunting (described in
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Section 2.1.6) could occur. Crack tip blunting was previously shown to be one of the
mechanisms of crack growth retardation [66,207,208]
The FEA illustrated in Figure 81 revealed that a crack closure load distributed
over a small wedge area of plated nickel results in compressive stresses that are 3-4 times
the compressive yield strength of the electrolytic nickel [206]. Under such high stresses
the fatigue crack wedge could be significantly plastically deformed resulting in relatively
low stress increases at the old crack and thus limited crack tip blunting. This in turn
would reduce the tendency for crack arrest or crack growth retardation. By comparison,
Vecchio et al. and Hertzberg et al. explored wedging-induced crack closure phenomenon
by insertion of needle tips at various locations in the wake of fatigue cracks in 2024
aluminum alloy. They observed that significant crack closure produced only a slight
reduction of crack growth rate when a closure object (crack wedge) did not possess a
large area [209,210], Thus it appears that the effect of crack wedging on fatigue crack
behavior is expected to be more significant as the size of the crack wedge increases.
The finite element models developed in this study may be used to determine
stresses (and their distribution) that will develop after introduction of foreign objects into
the fatigue crack in ASTM E399 CT specimen. Knowing these stresses one can calculate
the minimum percentage of the crack packing or the minimum dimensions of the crack
wedge that will be required to withstand the crack closure load without plastic
deformation of the crack wedge. This will tend to enable the specification of a crack
wedge that will not be plastically deformed in the process and thus provide a more
significant effect on crack behavior after treatment.

150
4.6 Corrosion Susceptibility Analysis
Corrosion susceptibility tests were performed to evaluate the effect of
electrochemical crack treatment on the corrosion resistance of the ASTM A36 base
metal. Corrosion potential and corrosion currents were measured as described in Section
3.7. The average corrosion potential with respect to the Cu/Cu sulfate reference electrode
was measured over a period of twelve weeks. These readings were taken for electrolytic
nickel, as well as nickel-plated and non-plated ASTM A36 steel while immersed in
simulated seawater solution (3.5 wt% NaCl) at a temperature of 22 °C - 25.2 °C. These
results are shown in Figure 82.
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Figure 82. Corrosion potential of electrolytic nickel, nickel-plated ASTM A36 steel, and
non-plated ASTM A36 steel in 3.5 wt% NaCl solution. These were measured with
respect to a copper-copper sulfate reference electrode.

Figure 82 reveals that the corrosion potential of the ASTM A36 steel stabilized
after 5 weeks and was equal to -0.75 volts. The observed corrosion potential was 30%-
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43% more negative than values found in the literature [211-213]. One value of ASTM
A3 6 steel corrosion potential that was found in literature was obtained in 10 wt% NaCl
water solution at 30+2 °C and was equal to -0.506 V [211], Another value was obtained
in an aqueous solution with a pH value of 5 at 25 °C and was equal to -0.502 V [212].
The third value found in literature was -0.574 V and was obtained in 3 wt% NaCl
solution at “ambient” temperature [213]. All referenced values of A36 steel corrosion
potential found in the literature were measured with a saturated calomel reference
electrode. The corrosion potential of the electrolytic nickel stabilized after 3 weeks with a
mean value of +0.05 volts and a standard deviation of 0.03 volts. These values were
similar to data found in the literature [214,215]. One value found in the literature was 0.16 V measured in “city” water with the addition of 3 wt% NaCl after 7 months of
exposure [214]. Another value from the literature was +0.08 V measured in 1.2 wt%
NaCl solution at pH = 6.1 [215]. The temperature at which these values were measured
was not reported.
The corrosion current values measured during periodic linear polarization
resistance tests were converted into corrosion rates in terms of mils per year (mpy) as
shown in Figure 83. The average corrosion rates of all specimens were compared in a bar
chart shown in Figure 84. This chart also includes the galvanic corrosion rate between the
plated nickel and the ASTM A36 steel that were conducted using a galvanostatic zero
resistance ammeter setup as described in Section 3.7. The surface area ratio between steel
and nickel specimens was 1:1.
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Figure 83. Corrosion rates of electrolytic nickel, nickel-plated ASTM A36 steel and nonplated ASTM A36 steel. These corrosion rates were measured in 3.5 wt% NaCl solution
at 22-25 °C. Each data point is an average of 5 trials.
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Figure 84. Average corrosion rates in simulated seawater solution (3.5 wt% NaCl). The
galvanic corrosion rate between ASTM A36 steel and electrolytic nickel deposit was
measured using the galvanostatic zero resistance ammeter (GZRA) method. The other
corrosion rates were obtained using the linear polarization resistance method.
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From Figure 83 it was observed that after 12 weeks the average corrosion rate of
the ASTM A36 steel was 21.7 mpy. The comparable A36 steel corrosion rates found in
the literature varied from 5.8 mpy to 77.3 mpy [211,212,216,217]. The average corrosion
rate of the nickel-plated A36 steel after 12 weeks was in the vicinity of 12 mpy which
was approximately 80% lower than the corrosion rate of the bare A36 steel. The
corrosion rate of electrolytic nickel after 12 weeks was 1.2 mpy. In comparison the
corrosion rate of electrolytic nickel in seawater found in the literature varied from 0.02
mpy to 6.9 mpy [214,218,219]. The average galvanic corrosion rate between the ASTM
A36 steel and electrolytic nickel deposit was 34 mpy. The steel was corroding in this
case. This corrosion value was found to be 2.7 times higher than a galvanic corrosion rate
found in the literature between carbon steel (0.24% C) and nickel in seawater after 8
years of exposure [220]. For general corrosion or galvanic corrosion, it would make sense
that any given corrosion rate would tend to drop over time as oxides would tend to
accumulate on the corroding surface, increasing the corrosion circuit resistance and so
progressively inhibiting the corrosion rate.
Figure 83 shows that the corrosion rate of all the specimens was increasing with
the time. The room temperature varied only within a range 3.2 °C (22 °C - 25.2 °C) and
thus cannot be responsible for the growth of the corrosion rates. The corrosion potential
was relatively stable during the 12-week experiment period (see Figure 82). During this
period the evaporation of water from the electrolyte (simulated seawater) probably
caused the corrosion rate growth observed over the 12-week time period since this would
have caused the NaCl concentration to increase over time. In addition, CO2 absorption
could also have reduced the solution pH and contributed to an increase in corrosion rate.

154
The corrosion rate was calculated using current density values (I/A, A/cm2). The
decreasing level of the electrolyte was reducing the specimen’s surface area that was
immersed into it and thus the current density was increasing, consequently increasing the
corrosion rate over the time. The salt concentration was presumably increasing over this
period as well. The corrosion rate growth over time of the nickel-plated steel was slower
than that of the bare A36 steel.
It should be noted that the value of the general corrosion rate of nickel-plated steel
was expected to be lower, closer to the value of the corrosion rate of electrolytic nickel. It
was also observed that the corrosion rate of the nickel-plated steel experienced relatively
larger scatter during the last 4 weeks of the test as compared to the first eight weeks.
Starting from the ninth week two of the specimens (specimen 2 and 3) experienced larger
corrosion rates than the other three nickel-plated specimens. By the end of the 12th week
the corrosion rates of these two specimens were almost twice as high as the other three.
After the 12 week test period the nickel layers were removed from plated
specimens 2 and 3 for visual examination. Crevice corrosion was observed on the steel
surface on specimen 2 that had been plated. A large corrosion crevice was also observed
under the plated surface of specimen 3 (see Figure 85). These areas of localized corrosion
were possibly be caused by poor adherence of nickel plating to the surface of the
substrate or by an edge effect of epoxy molding. It appears that epoxy did not provide
perfect sealing and permitted penetration of the electrolyte onto metal surfaces. In
addition, cutting tool marks left grooves on the surface of the substrate steel allowing the
salt water to penetrate under the nickel layer causing crevice and pitting corrosion. It
appears that the localized corrosion could be responsible for the increased corrosion rate
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of specimens 2 and 3. The average corrosion rate of the other 3 nickel-plated specimens
was 9 mpy, which was more than 1/2 the observed corrosion rate of the bare ASTM A36
steel. Visual inspection of the surface of the nickel-plated specimens revealed that these
specimens (except specimens 2, 3) experienced significantly lower corrosion rates as
compared to the non-plated steel specimens. This observation suggests that nickel-plating
of ASTM A36 steel brings benefits in terms of lower corrosion susceptibility and lower
corrosion rate as was previously demonstrated by many authors [144,147,159,203,219222], This benefit applies to general corrosion protection. Where there is potential for
imperfect plating such as for non-uniform surfaces the possibility of crevicing needs to be
considered.
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Figure 85. Nickel-plated ASTM A36 steel specimens with localized corrosion after 12
weeks in 3.5% NaCl solution. The deposited nickel layers were removed prior to
imaging.
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Corrosion protection of steel by electroplated nickel depends on the quality of the
plating. One of the main parameters of plating quality is the porosity of the as-plated
material which depends on plating thickness, substrate surface roughness, plating solution
contaminants and the type of plating bath used. It was previously shown that the galvanic
corrosion between a substrate metal and a plated metal initiates as the formation of
galvanic cells. If pores in the plating material reach the substrate, these galvanic cells can
possibly form within the pores of the plated material and propagate under the deposit as
galvanically assisted crevices. The resistance of the galvanic corrosion cell is a function
of the plating thickness, the resistivity of the electrolyte and the cross-sectional area of
the pore [223].
Electroless nickel has been reported to exhibit superiority over electrolytic nickel
in terms of corrosion protection [224,225]. In one example it has been shown that 12 pm
thick electroless nickel (EN) coating has provided better corrosion protection than a twice
thicker electrolytic nickel coating. Electroless nickel has also been found to be resistant to
under-deposit and interface attack [226]. Recently it was found that the density, the
hardness and the corrosion resistance of electroless nickel plating can be further
improved by post-heat-treatment [221,227].
Taking into account the reported advantages of electroless nickel plating over
electrolytic nickel in terms of wear and corrosion resistance it is recommended that
electroless nickel plating be examined as a substitution to electroplating for the
electrochemical treatment purposes. It would be interesting to compare the electrolytic
nickel plating to the electroless nickel plating in terms of the effect on fatigue crack
behavior under similar loading and environmental conditions.
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Figure 82 shows that the nickel exhibits a significantly more positive corrosion
potential than the steel. Galvanic corrosion was observed in this study as shown in Figure
84. In this case the steel was suffering crevicing attack that was galvanically assisted by
the nickel. In Figures 62 - 64 incomplete plating of nickel within a steel crack was
evident. Under these circumstances it would be expected that corrosion of the steel would
occur as assisted by the nickel. This corrosion would be localized within the crack and
likely undermine the fatigue benefits of the treatment by inducing a corrosion fatigue
process. In light of these corrosion findings it is recommended that an alternative plating
metal be considered that could possibly exhibit a lower galvanic potential difference that
exists between electrolytic nickel and the ASTM A36 steel. This new candidate would
probably work well is the yield strength were comparable to that of the A36 steel.

CHAPTER 5

CONCLUSIONS

The electrochemical method of fatigue crack treatment was developed, described
and analyzed. The method was based on placing fatigue cracks under compression by
depositing nickel onto the surfaces of the cracks.
During this study the following useful and interesting observations were made:
1. The growth rates of all fatigue cracks observed in ASTM E399 Compact-Tension
specimens made of ASTM A3 6 steel before treatment were in good correlation
with data found in the literature.
2. The propagation of the fatigue cracks before treatment was well characterized by
the Paris Law.
3. The electrochemical fatigue crack treatment method succeeded in arresting
fatigue crack propagation.
4. The fatigue crack arrest period varied from two thousand to thirty thousand cycles
in this study.
5. The fatigue life of the specimens was extended primarily by crack arrest. In some
cases some relatively slow propagation also contributed to propagation life
extension that reached as high as 55,000 cycles.
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6. This current method of fatigue crack treatment may be applied more than once in
the life of a propagating crack and yield significant life extension following each
application. Subsequent electrochemical treatments can be applied as a regular
maintenance practice that can be designed to extend fatigue crack propagation life
indefinitely.
7. The behavior of the cracks after treatment was characterized by a period of arrest
and resumption of the propagation.
8. The periods of crack arrest and fatigue life extension observed in the current study
may be translated into approximately 0.6-15 years of a typical oil pipeline
operation or 2.4-66 years of a typical gas pressure vessel operation.
9. The current approach appears to provide benefits that are within an order of
magnitude of the best achievement reported in the literature but produces these
results using an approach that can be field applied more easily.
10. The treated fatigue cracks were similar to the ASTM E399 CT V-shaped notches
in terms of the number of cycles required for fatigue (re-) initiation.
11. The conventional elastic-plastic strain life analysis provided reasonable
approximations of fatigue lives of V-shaped starter notches, but may not be
suitable for achieving a reasonable re-initiation life of electrochemically treated
fatigue cracks without better understanding of the deposited nickel distribution
and its strain life fatigue properties.
12. A power law relationship between the period of crack arrest and the stress
intensity factor range {AK) applied during post-treatment cycling was observed
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13. Optical and scanning electron microscopy revealed that electrochemical treatment
was intermittently loading the fatigue cracks with nickel deposits that exhibited
arc-shaped edges. This lack of deposit uniformity stemmed from an apparent lack
of electric field uniformity along the length of the crack.
14. The packing of a fatigue crack tip with nickel may result in a significant reduction
of the stress concentration factor.
15. The efficiency of the plating setup ( %F) was equal to 85%.
16. Energy dispersive spectroscopic analysis demonstrated the presence of nickel
within electrochemically treated fatigue cracks.
17. Due to the potential for mutual diffusion of nickel and iron, the treatment process
may yield a galvanic corrosion potential between ASTM A36 steel and nickel that
could be lower than what may be anticipated by comparison of the two metals in a
galvanic series table or in a simple galvanic corrosion measurement.
18. The finite element analysis predicted development of compressive stress at the
new fatigue crack tip due to electrochemical treatment that uniformly packs the
crack. The stress was in reverse proportion to the percentage of the crack that was
packed with nickel, starting at the old crack tip and extending toward the crack
mouth opening.
19. FEA of the fatigue crack with an introduced nickel wedge showed that the new
crack tip (top edge of the wedge) was under compression.
20. Based on the finite element analysis coupled with the crack propagation results, a
higher percentage of crack packing would tend to reduce the stress intensity and
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the stress concentration factor at the new crack tip and thus increase the fatigue
crack re-initiation life.
21. In order for the packed crack to resume its propagation an external tensile stress
above the magnitude of the compressive stress developed due to crack packing,
had to be applied.
22. A lower percentage of crack packing would be expected to result in higher
compressive stress in the vicinity of the new crack tip due to the load being
distributed over smaller area of the packing material.
23. The maximum compressive stress developed at the new crack tip (due to
treatment) is limited by the minimum compressive strength of the substrate metal
and the deposit.
24. In the current study it was observed that increasingly positive results from crack
packing with nickel can be expected if 36% or more of the crack volume is filled
(calculated using the dimensions of the specimens tested during this study).
25. The parameter, AKtr correlated well with the crack re-initiation life of the treated
cracks in the ASTM A36 steel. This parameter was used along with the
electrochemical plating dosage to provide an estimated reduction in crack length.
The crack arrest life was calculated based on the assumption that crack
propagation was still taking place along the interface between the deposited nickel
and the steel crack surface that existed prior to treatment. The re-initiation life
was thus estimated by simply calculating the fatigue crack propagation life along
the interface between the nickel deposit and the walls of the original crack. The
intermittent nature of the nickel deposit did not appear diminish the accuracy of
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the model because this discontinuity did not effectively reduce the amount of
material through which the crack had to travel before it arrived at the original
crack tip that existed prior to treatment.
26. The average percent error of the prediction based on AKtr from the actual values
of (dN) was 71%. The prediction based on A/ftr was more accurate than the
prediction based on AK, 6 times out of 8.
27. The re-initiation life predictions obtained using the Paris law along with the
treatment-reduced crack length assumption agreed well with the experimental
results.
28. The crack treatments appeared to prolong the fatigue lives of the specimens by
reducing the lengths of the fatigue cracks which in turn would be expected to
reduce the local stresses in the vicinity of the crack tip.
29. The finite element analysis predicted significant reduction of the stress
concentration factor at the new crack tip due to theoretically uniform packing of
the crack.
30. The finite element model of the ASTM E399 Standard Compact-Tension
specimen informed by treated crack microscopy demonstrated that the stress
concentration factor at the crack tip was reduced significantly due to
electrochemical treatment.
31. Based on an elastic FEA that was modeled from images of treated cracks, it
appears that the electrochemical treatments tended to reduce crack tip stresses
significantly. Re-initiation life estimates based on the AKtr model did not
incorporate any such stress reductions.

163
32. The effect of the crack wedging on the fatigue crack behavior is expected to be
more significant if the crack closure load is distributed over a relatively large
crack wedge area.
33. Electrochemical treatment was found beneficial in terms of improved corrosion
resistance of treated specimens as long as the deposited nickel was free of defects
that could cause localized, galvanically-assisted, corrosion of the ASTM A36 base
metal.
34. After 12 weeks of simulated seawater exposure the average corrosion rate of the
nickel-plated ASTM A36 steel was 80% lower than that of the non-plated ASTM
A36 steel.
35. In some cases the adherence of nickel plating was poor and resulted in formation
of localized corrosion. When the plating operation did not yield a perfect film,
localized corrosion of the steel base metal was observed.
During this study several opportunities for further exploration and improvement
of the electrochemical fatigue crack treatment method were identified. They are described
in the following recommendations:
1. Application of sulfamate nickel plating bath solutions may be attempted.
Sulfamate nickel plating solutions are expected to result in improved mechanical
and corrosion resistance properties of nickel deposits thus prolonging the fatigue
life, extending the fatigue crack arrest period and improving the corrosion
resistance.
2. Taking into account the advantages of the electroless nickel over the electrolytic
nickel in terms of wear and corrosion resistance it is recommended to examine
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electroless nickel plating as a substitution to electroplating for the electrochemical
treatment purposes. It would be interesting to compare the electrolytic nickel
plating to electroless nickel plating in terms of the effect on fatigue crack
behavior under similar loading and environmental conditions.
3. Experimental proof of the relationship between the percentage of crack packing
and the period of fatigue crack re-initiation (observed in finite element analysis) is
needed. For this purpose a range of crack packing percentages could be tested.
4. It would be beneficial to measure the actual crack length and the distribution of
crack packing material after each treatment. This data will allow more accurate
characterization of the crack treatment effect.
5. The possibility of slowed crack propagation after treatment may be explored and
analyzed.
6. Using the crack re-initiation data presented in this study one can attempt the
application of electrochemical treatment on several occasions preceding crack re
initiation. This will allow testing of the “infinite crack arrest” hypothesis due to a
periodic treatment.
7. An alternative plating metal be considered that could possibly exhibit a lower
galvanic potential difference than what exists between electrolytic nickel and the
ASTM A36 steel. This new candidate would probably work well if the yield
strength were comparable to that of the A36 steel.
8. In order to commercialize this technology and propose it as an engineering
method of fatigue crack treatment an economic feasibility assessment is required.

APPENDIX

FATIGUE CYCLIC LOADING DATA
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Table A l. Fatigue crack propagation in specimen 2

Number of Cycles, N
0
14,159
19,755
25,000
42,550
50,000
75,000
100,000
125,000
150,000
175,000
200,000
225,000
225,000
250,000
293,236
293,237
295,237
297,237
299,237
301,237
303,237
308,237
313,237
313,238
315,238
317,238

Crack Mouth Opening,
Crack Length? a (in)
Vm (in)
1.34
0.191
1.34
0.191
1.34
0.191
1.40
0.192
1.45
0.193
0.194
1.50
1.54
0.195
0.196
1.58
0.198
1.65
1.68
0.199
0.200
1.71
0.202
1.76
0.206
1.85
TREATMENT 1
0.206
1.85
0.206
1.85
0.260
2.29
0.264
2.33
0.264
2.33
0.264
2.33
0.264
2.33
0.264
2.33
0.264
2.33
0.264
2.33
0.274
2.36
TREATMENT 2
0.287
2.40
0.287
2.40
2.43
0.301

AK (ksiV in)
19.0
19.0
19.0
20.2
21.2
22.3
23.2
24.3
26.2
18.0
18.8
14.7
16.5
22.5
22.5
48.5
53.2
53.2
53.2
53.2
53.2
53.2
53.2
57.0
63.4
63.4
68.8

Table A2. Fatigue crack propagation in specimen A
Number of Cycles, N
0
10,000
20,000
40,000

Crack Mouth Opening,
Vm (in)
0.183
0.183
0.183
0.183

Crack Length, a (in)
1.02
1.02
1.02
1.02

AK (ksiVin)
22.5
22.5
22.5
22.5
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Number of Cycles, N
40,001
50,000
60,000
60,001
65,000
70,000
75,000
80,000
80,001
85,000
90,000
95,000
95,000
96,000
97,000
98,000

Table A2 continued
Crack Mouth Opening,
Crack Length, a (in)
Vm (in)
0.183
1.02
0.183
1.02
0.183
1.02
0.183
1.02
0.184
1.12
0.184
1.12
0.184
1.12
0.184
1.12
0.184
1.12
1.27
0.186
0.188
1.40
0.193
1.61
TREATMENT
0.193
1.61
0.193
1.61
0.193
1.61
1.91
0.205

AK (ksiVin)
24.9
24.9
24.9
26.9
29.3
29.3
29.2
29.3
32.1
36.7
41.4
49.8
51.7
51.7
51.7
75.2

Table A3. Fatigue crack propagation in specimen C

Number of Cycles, N
0
20,000
40,000
50,000
60,000
65,000

Crack Mouth Opening,
Vm (in)
0.178
0.179
0.183
0.184
0.188

Crack Length, a (in)
0.70
0.78
1.20
1.27
1.50
FAILURE

AK (ksiVin)
22.3
24.0
34.5
36.7
45.7

Table A4. Fatigue crack propagation in specimen D

Number of Cycles, N
0
10,000
30,000

Crack Mouth Opening,
Vm (in)
0.184
0.187
0.188

Crack Length, a (in)

AK (ksiVin)

0.92
1.20
1.27

27.0
34.5
36.7
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„T ,
Crack Mouth Opening,
^
Number of Cycles, N
Crack Length, a (in)
AK (ksWin)
Vm (in)
0.191
40,000
1.45
43.5
TREATMENT
0.191
43.5
40,000
1.45
0.191
43.5
41,000
1.45
0.191
43.5
42,000
1.45
0.191
43.5
43,000
1.45
0.191
43.5
44,000
1.45
0.191
43.5
1.45
45,000
0.191
43.5
46,000
1.45
0.191
43.5
1.45
47,000
0.191
43.5
1.45
48,000
0.191
43.5
49,000
1.45
0.194
1.58
49.8
50,000
0.196
1.65
55.7
51,000
0.199
1.74
59.9
52,000

Table A5. Fatigue crack propagation in specimen E

Number of Cycles, N
0
2,000
4,000
6,000
8,000
10,000
12,000
15,000
18,000
21,000
24,000
27,000
30,000
33,000
36,000

Crack Mouth Opening,
Vm (in)
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179

Crack Length, a (in)

AK (ksiVin)

0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70

11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
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Number of Cycles, N
40,000
43,000
46,000
50,000
55,000
60,000
65,000
67,000
69,000
71,000
73,000
75,000
77,000
79,000
81,000
83,000
85,000
87,000
90,000
95,000
100,000
105,000
120,000
123,000
130,000
135,000
140,000
145,000
150,000
153,000
156,000
158,000
160,000
163,000
166,000
169,000
172,000
175,000

Table A5 continued
Crack Mouth Opening,
Crack
Vm (in)
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.180
0.180
0.180
0.180
0.180
0.180
0.180
0.180
0.180
0.180

Length, a (in)
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79
0.79

AK (ksiVin)
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
11.8
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
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Number of Cycles, N
180,000
185,000
190,000
195,000
200,000
205,000
210,000
215,000
220,000
240,000
250,000
260,000
270,000
280,000
290,000
310,000
328,000
335,000
345,000
355,000
365,000
375,000
385,000
395,000
405,000
425,000
445,000
465,000
485,000
505,000
525,000
535,000
555,000
555,000
557,000
559,000
561,000
563,000
565,000
567,000
569,000

Table A5 continued
Crack Mouth Opening,
Crack Length, a (in)
Vm (in)
0.79
0.180
0.180
0.79
0.79
0.180
0.79
0.180
0.180
0.79
0.79
0.180
0.180
0.79
0.180
0.79
0.79
0.180
0.79
0.180
0.79
0.180
0.180
0.79
0.92
0.181
0.181
0.92
0.92
0.181
0.92
0.181
0.182
1.03
0.182
1.03
0.182
1.03
0.182
1.03
0.183
1.12
1.12
0.183
1.12
0.183
0.183
1.12
0.183
1.12
1.12
0.183
0.184
1.20
0.184
1.20
0.185
1.27
1.27
0.185
1.34
0.186
0.187
1.40
0.190
1.54
TREATMENT 1
0.190
1.54
1.54
0.190
1.54
0.190
0.190
1.54
1.54
0.190
1.54
0.190
0.190
1.54
1.54
0.190

AK (ksiVin)
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
14.4
14.4
14.4
14.4
15.8
15.8
15.8
15.8
17.1
17.1
17.1
17.1
17.1
17.1
18.3
18.3
19.5
19.5
20.8
22.0
25.3
25.3
25.3
25.3
25.3
25.3
25.3
25.3
25.3
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^
_
Crack Mouth Opening,
^ , T
,
x
„
Number of Cycles, N
...
Crack Length, a (in)
AK (ksiVin)
Vm (in)
1.54
0.190
571,000
25.3
1.54
0.190
25.3
573,000
1.54
0.190
25.3
575,000
0.192
1.62
27.5
577,000
0.193
1.65
581,000
28.6
TREATMENT 2
0.193
1.65
28.6
581,000
0.193
1.65
28.6
583,000
0.193
1.65
28.6
585,000
0.193
1.65
28.6
587,000
0.193
1.65
28.6
589,000
0.193
1.65
28.6
591,000
1.74
0.196
31.8
593,000
1.79
0.198
33.9
595,000

Table A6. Fatigue crack propagation in specimen H

Number of Cycles, N
0
52,258
113,335
150,366
173,818
195,422
213,738
262,081
318,870
338,488
345,254
373,197
397,304
420,198
433,115
183,115
533,115
583,115
633,115

Crack Mouth Opening,
,, .. .
Vm (in)
0.166
0.166
0.166
0.167
0.167
0.167
0.167
0.168
0.168
0.168
0.168
0.168
0.168
0.168
0.169
0.169
0.169
0.170
0.171

_ , T
,
,
Crack Length, a (in)

AK (ksiVin)

0.84
0.85
0.88
0.93
0.94
0.95
0.96
1.01
1.03
1.05
1.05
1.06
1.06
1.07
1.09
1.12
1.16
1.18
1.25

11.6
11.7
12.0
12.5
12.6
12.7
12.8
13.4
13.6
13.9
13.9
14.0
14.1
14.1
14.4
14.7
15.3
15.6
16.5
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Number o f Cycles, N
658,593
708,593
733,905
783,905
833,905
883,905
923,061
952,245
969,749
999,149
1,009,149
1,019,149
1,039,149
1,049,149
1,059,149
1,069,149
1,079,149
1,100,000
1,125,000
1,150,000
1,165,000

Table A6 continued
Crack Mouth Opening,
Crack
Vm (in)
0.171
0.171
0.171
0.172
0.173
0.173
0.173
0.175
0.175
0.176
0.177
0.178
0.179
TREATMENT
0.179
0.179
0.179
0.180
0.183
0.185
0.191
0.203

Length, a (in)

AK (ksiVin)

1.26
1.28
1.30
1.33
1.37
1.38
1.42
1.48
1.50
1.55
1.58
1.60
1.65

16.7
17.0
17.3
17.8
18.4
18.6
19.4
20.5
21.1
22.2
22.8
23.3
24.5

1.65
1.65
1.65
1.67
1.74
1.80
1.93
2.07

24.5
24.5
24.5
25.0
27.5
29.6
35.5
44.4
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